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Environmental conditions, metal (Cd, Cu, Ni, and Zn) distribution, and metal 
fractionation in hydrosoil (sediment and overlying organic detritus) of a free water 
surface pilot-scale constructed wetland treatment system (CWTS) were investigated to 
determine treatment processes.  Chemical and mineralogical analyses were performed on 
organic detritus samples and sediment cores collected from two cells planted with 
Schoenoplectus californicus and two cells planted with Typha angustifolia.  T-tests 
indicate that cells planted with S. californicus and those planted with T. angustifolia were 
equally effective in promoting conditions in the detritus favorable for sorption of metals 
and complexation with acid-volatile sulfide (AVS).  For the sediment, cells planted with 
S. californicus were more effective than those planted with T. angustifolia in promoting 
AVS formation, which is favorable for metal complexation with AVS and attributed to 
addition of hydrosoil amendments (hay and gypsum) to cells planted with S. californicus.  
In all four cells, concentrations of Cd, Cu, Ni, and Zn in hydrosoil decreased gradually 
with depth from the detritus to 15 cm below the top of the sediment.  Concentrations of 
Cd, Cu, Ni, and Zn in hydrosoil correlated significantly with organic matter content.  
Using a sequential extraction procedure, metals were detected from five operationally 
defined geochemical fractions: exchangeable, bound to carbonates, bound to Fe-Mn 
oxides, bound to organic matter or sulfides, and residual.  The high percent of metals, 
particularly Zn, associated with the Fe-Mn oxide fraction indicates that oxidation and 
hydrolysis occurred in the wetland cells.  High AVS concentration in the hydrosoil 
indicates that dissimilatory sulfate reduction occurred, and the presence of metal sulfides 
 iii 
was confirmed by scanning electron microscopy.  The vertical distribution of measured 
hydrosoil conditions and metal fractions investigated in this study provides information 
on the effect of wetland characteristics on treatment processes for sequestering metals in 
the hydrosoil.  This research provided a framework for evaluating a CWTS to improve 
understanding of the capability and versatility of wetland cells to renovate water 
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When present in water at sufficient concentrations and as bioavailable forms, 
metals such as cadmium, copper, nickel, and zinc can cause adverse effects on biota in 
receiving aquatic systems and limit use of the water for industry, agriculture, and other 
purposes.  Metals from anthropogenic and natural sources are found in a variety of water 
including: shale gas produced water, petroleum produced water, mining and chemical 
runoff, storm water runoff, municipal wastewater, and in dissolved formation minerals 
(Guo et al., 1997; Chague-Goff, 2005; Aziz et al., 2008; Nelson and Gladden, 2008; 
Ahmadun et al., 2009).  Due to diverse physiochemical conditions in aquatic 
environments, metals exist as (1) soluble free ions or complex species, (2) real colloids or 
mineral phases formed via precipitation from oversaturated conditions, (3) pseudo 
colloids formed by sorption of the metal ion to suspended particles, and/or (4) 
sedimentary phases. 
A constructed wetland treatment system (CWTS) can be a cost-effective approach 
to treat metals present in impaired waters when they are designed to support specific 
hydrosoil conditions that can promote metal transfers and transformations (Rodgers and 
Castle, 2008).  These transfer and transformation processes are influenced by key 
hydrosoil conditions and parameters such as: redox potential, pH, organic matter content 
(OM), and acid-volatile sulfide (AVS; Brookins, 1988; McBride et al., 1997; Knox et al., 
2006).   
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Metal mobility is related to biogeochemical treatment processes of 
transformations and transfers to the hydrosoil (Rodgers and Castle, 2008).  Chemical and 
mineralogical analyses are approaches for investigation of biogeochemical processes.  
Sequential extraction procedures (SEPs) with determination of AVS and simultaneously 
extracted metal (SEM) concentrations in the hydrosoil are chemical analyses that 
measure metal fractionation and identify metal mobility.  SEP is widely used for 
estimating metal concentrations in wetland hydrosoil which are loosely bound to 
exchangeable sites, associated with carbonates, bound to Fe-Mn oxides, fixed by organic 
matter and sulfides, sorbed onto mineral fractions, or form specific minerals (e.g. 
Gambrell, 1994).  Determination of AVS and SEM concentrations in the hydrosoil is a 
chemical analysis that measures the reactive sulfide and reactive metals liberated during 
AVS extraction (e.g. Cd, Cu, Ni, and Zn; Di Toro et al., 1992; Yu et al., 2001).  
Mineralogical analyses help to identify chemical forms of metals retained in the solid 
phase.  Electron microscopy (EM) equipped with X-ray energy dispersion (EDS) has 
proven successful for identifying sulfides in reactive mixtures from constructed wetlands 
(Machemer et al., 1993).   
Various studies (e.g. Walker and Hurl, 2002; Lesage et al., 2007; Murray-Gulde 
et al., 2005) investigated the horizontal distribution of hydrosoil conditions and metals in 
CWTSs.  However, few studies (e.g. Chague-Goff, 2005; Knox et al., 2010) have 
investigated the vertical distribution of key hydrosoil conditions and metal fractions in 
CWTSs, which provides information useful for designing CWTSs to achieve the 
preferred treatment processes involving metal transfer (i.e. sorption) and transformation 
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(i.e. metal complexation with AVS).  Additional work is needed to apply chemical and 
mineralogical techniques to gain insight into processes of metal removal and mobility in 
CWTSs. 
The presented research addressed questions regarding vertical distribution of 
hydrosoil conditions and the occurrence of Cd, Cu, Ni, and Zn in hydrosoil of a pilot-
scale CWTS designed to treat metals in impaired waters.  Two major objectives were:  
1. Determine a vertical characterization of hydrosoil for treatment of metals in a 
pilot-scale constructed wetland treatment system. 
2. Identify biogeochemical treatment processes and metal mobility in pilot-scale 
constructed wetland cells  
1. Determine a vertical characterization of hydrosoil for treatment of metals 
 Vertical distribution of hydrosoil conditions and extractable metal concentrations 
were measured in a free water surface pilot-scale CWTS designed for treatment of 
metals.  Favorable ranges for the metal-immobilizing biogeochemical processes of 
sorption, precipitation of metal-carbonate minerals, and metal complexation with AVS 
were determined with literature values of hydrosoil conditions and AVS concentration.   
2. Identify biogeochemical treatment processes and metal mobility  
The occurrence and concentrations of Cd, Cu, Ni, and Zn in hydrosoil were 
investigated in a free water surface pilot-scale CWTS designed for treatment of metals, in 
conjunction with chemical and mineralogical analyses.  Chemical and mineralogical 
results were evaluated for direct evidence of treatment processes in each pilot-scale 




 This thesis is organized into four chapters including Introduction (Chapter I) and 
Conclusions (Chapter IV).  The two body chapters of the thesis are written and formatted 
as independent manuscripts intended for publication in peer-reviewed journals.  
Therefore, it was necessary to repeat some material and data throughout the chapters.  
The manuscripts are: 
Chapter II: Vertical Characterization of hydrosoil for treatment of metals in a 
pilot-scale constructed wetland system. 
Chapter III: Vertical distribution and mobility of Cd, Cu, Ni, and Zn in a pilot-
scale constructed wetland treatment system designed to treat metals in impaired 
waters. 
Collectively, this research provided a vertical characterization of pilot-scale constructed 
wetland cells and evidence of treatment processes for sequestering metals in a CWTS.  
An understanding of hydrosoil conditions, characteristics (plants and hydrosoil), and 
treatment processes in a specific CWTS can improve the design and effectiveness of 
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CHAPTER II 
VERTICAL CHARACTERIZATION OF HYDROSOIL IN A PILOT-SCALE 
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Environmental conditions in hydrosoil (sediment and overlying organic detritus) 
of a free water surface pilot-scale constructed wetland treatment system (CWTS) were 
investigated to determine their effects on sequestering Cd, Cu, Ni, and Zn.  Redox 
potential, pH, organic matter content, sulfate concentration, acid-volatile sulfide (AVS) 
concentration, simultaneously extracted metal (SEM) concentration, and carbonate 
content were measured in detritus samples and sediment cores from two wetland cells 
planted with  Schoenoplectus californicus and two cells planted with Typha angustifolia.  
Measured values of hydrosoil conditions were compared to literature ranges favorable for 
metal-immobilizing biogeochemical processes of sorption, precipitation of metal-
carbonate minerals, and metal complexation with AVS.  Reducing conditions (-249 to -34 
mV) and pH between 5.01 and 7.41 were measured in the underlying detritus and 
sediment of all four cells.   Highest redox potential (-145 to -34 mV) and pH (6.28 to 
7.41) occurred in the upper 6 cm of sediment.  Organic matter content was 30-85% in the 
detritus and decreased gradually with depth to 0.65-3% at 15 cm below the surface of the 
sediment.  The greatest AVS concentration (36-160 µmole/g) and greatest total SEM 
concentration (Cd, Cu, Ni, and Zn ≥ 5.45 µmole/g) were measured in the detritus.  Litter 
from the wetland plants and sulfate from inflow water supported sorption and 
dissimilatory sulfate reduction in the detritus.  T-tests indicate that cells planted with S. 
californicus and those planted with T. angustifolia were equally effective in promoting 
conditions in the detritus favorable for sorption of metals and complexation with AVS.  
For the sediment, cells planted with S. californicus were more effective than those 
 9 
planted with T. angustifolia in promoting AVS, which is favorable for metal 
complexation with AVS and attributed to addition of hydrosoil amendments (hay and 
gypsum) to cells planted with S. californicus.  
 10 
1.  Introduction 
When present in water at sufficient concentrations and as bioavailable forms, 
metals such as cadmium, copper, nickel, and zinc can cause adverse effects on biota in 
receiving aquatic systems and limit use of the water for industry, agriculture, and other 
purposes.  Metals from anthropogenic and natural sources are found in a variety of waters 
including: shale gas produced water, petroleum produced water, mining and chemical 
runoff, storm water runoff, municipal wastewater, and in dissolved formation minerals 
(Guo et al., 1997; Chague-Goff, 2005; Aziz et al., 2008; Nelson and Gladden, 2008; 
Ahmadun et al., 2009).  Due to diverse physiochemical conditions in aquatic 
environments, metals exist as (1) soluble free ions or complex species, (2) real colloids or 
mineral phases formed via precipitation from oversaturated conditions, (3) pseudo-
colloids formed by sorption of the metal ion to suspended particles, and/or (4) 
sedimentary phases. 
A constructed wetland treatment system (CWTS) can be a cost-effective approach 
to treat metals present in impaired waters when they are designed to support specific 
hydrosoil conditions that can promote metal transfers and transformations (Rodgers and 
Castle, 2008).  These transfer and transformation processes are influenced by key 
hydrosoil conditions such as: organic matter content (OM), acid-volatile sulfide (AVS) 
concentration, redox potential, and pH (Brookins, 1988; McBride et al., 1997; Knox et 
al., 2006).  For example, metals may be removed from water and immobilized in 
hydrosoil of CWTSs through biogeochemical processes including sorption to organic 
matter and complexation with AVS produced through dissimilatory sulfate reduction 
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(Hawkins et al., 1997; Ford, 1998; Murray-Gulde et al., 2005a; Rodgers and Castle, 
2008).  However, few studies have investigated the influence of CWTS hydrosoil 
conditions on the fate, removal processes, distribution, and speciation of metals, which 
determine their mobility, bio-availability, and toxicity to aquatic species (Chague-Goff, 
2005).   
Distribution of hydrosoil conditions can provide essential information for design 
of effective CWTSs using a process-based approach.  Various studies (e.g. Kanagy et al., 
2008; Dorman et al., 2009) investigated the horizontal distribution of hydrosoil 
conditions in CWTSs.  However, few studies (e.g. Chague-Goff, 2005; Knox et al., 2010) 
have investigated the vertical distribution of key hydrosoil conditions in CWTSs.  
Characterization of hydrosoil conditions with depth provides information useful for 
designing CWTSs to achieve the preferred treatment processes involving metal transfers 
(i.e. sorption) and transformations (i.e. metal complexation with AVS).  The objectives of 
this study were to (1) measure vertical distribution of hydrosoil conditions and 
extractable metal concentrations in pilot-scale wetland treatment cells; and (2) identify 
biogeochemical processes promoted in these cells for treating metals based on the 
conditions measured. 
2.  Methods 
 
2.1  Pilot-Scale Constructed Wetland Treatment System 
 
A pilot-scale CWTS was designed and constructed by Alley et al. (in review) at 
Clemson University, South Carolina to investigate removal of Cd, Cu, Ni, Zn, and oil 
from simulated oilfield produced water (PW).  The system consisted of a 3780-L 
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retention basin followed by two replicated series of four free water surface wetland cells, 
each comprised of a 378-L Rubbermaid® tub containing sandy sediment (from Eighteen 
Mile Creek near Clemson, South Carolina).  Cells were connected by polyvinyl chloride 
(PVC) pipe to maintain gravity flow.  Hydraulic retention time (HRT) was established at 
24 hr per cell with a flow rate of 97 mL/min.  The first two cells (cells 1 and 2) in each 
series were designed to promote reducing conditions (redox potential -250 to -50 mV) 
and targeted dissimilatory sulfate reduction to produce AVS.  Cells 1 and 2 were planted 
with Schoenoplectus californicus (giant bulrush), which has a limited radial oxygen loss 
from roots (Murray-Gulde et al., 2005a).  Hay and pelletized gypsum (CaSO4·2H2O) 
were added to the hydrosoil as carbon and sulfur sources, respectively, for dissimilatory 
sulfate reducing bacteria.  The final two cells (cells 3 and 4) in each series were planted 
with Typha angustifolia (narrowleaf cattail), which has extensive radial oxygen loss from 
roots (Jordan and Whigham, 1988).  No amendments were added to the hydrosoil of cells 
3 and 4.  Treatment performance of the pilot-scale CWTS was discussed by Alley et al. 
(in review). 
2.2  Water and Hydrosoil  
 
Four cells of one of the two replicate CWTS series were utilized for this 
investigation.  The following were measured in the hydrosoil of each cell: redox 
potential, pH, OM, carbonate content (solid, not dissolved), sulfate concentration, AVS 
concentration, and simultaneously extracted metal (SEM) concentration (Table 1).  In 
addition, temperature, redox potential, sulfate concentration, and pH were measured in 
water overlying the hydrosoil (i.e. “surface water”).  Redox potential and water 
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temperature were measured in situ, while other conditions (pH, OM, carbonate content, 
and sulfate concentration) were measured from samples taken near the inflow and 
outflow of each cell (Figure 1A).  Two samples of the detritus from each of the four cells 
(Figure 2) were collected from the surface water-detritus interface down to the detritus-
sediment interface.  Each detritus sample (approximately 500 cm
3
) was scooped into a 
one-liter plastic bag, sealed underwater, and then double bagged and immediately frozen.  
Directly below the location of each detritus sample, a sediment core was obtained to a 
depth of 15 cm below the detritus-sediment interface.  A vacuum was created with a 
1.91-cm chlorinated polyvinyl chloride (CPVC) pipe inside a 2.54-cm CPVC pipe.  Cores 
were immediately capped, taped, and frozen to prevent air penetration.  Each frozen core 
was sectioned into five 3-cm sediment intervals (Figure 1B) in an anaerobic chamber 
(98% N2(g)/2% H2(g) atmosphere, COY Laboratory Products, Inc.).  Surface water 
samples were collected from each core pipe and placed into 50-mL centrifuge tubes.  
Each detritus and sediment sample was subsampled and tested for hydrosoil conditions.  
If the difference in redox potential was ≤ 80 mV between a recovered interval from the 
inflow and outflow sample locations of a cell (Figure 1A), then the samples from that 
interval were homogenized to obtain a composite sample for measurement of pH, OM, 
carbonate content, sulfate concentration, AVS concentration, and SEM concentration. 
Redox potential of the surface water and hydrosoil was measured using a GDT-11 
Multi-meter connected to in-situ platinum-tipped electrodes and an Accumet® calomel 
reference electrode (Faulkner et al., 1989).  Eight electrodes were placed near the inflow 
and eight near the outflow of each wetland cell.  At each location, one of the eight 
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electrodes was secured to the cell to measure redox potential of surface water, one was 
placed at the detritus-sediment interface, and one approximately 10 cm below the surface 
water-detritus interface.  Five electrodes were installed at 3-cm intervals in the sediment 
to a depth of 15 cm below the detritus-sediment interface.  All redox measurements were 
adjusted based on hydrogen ion potential.  Surface water temperature was measured near 
the inflow and outflow of each cell with a standard mercury thermometer at the time of 
redox potential measurement. 
Approximately 1 to 3 g were subsampled from each wet detritus sample and from 
each 3-cm thick sediment interval.  Three subsamples (16-22 g each) were collected from 
Eighteen Mile Creek sandy sediment used to construct the cells and analyzed for 
background OM and carbonate content.  Each subsample was placed in a crucible to 
measure OM and carbonate content using the Loss-on-Ignition method (Heiri et al., 
2001).  To determine OM, each subsample was dried at 105
o
C to a constant weight and 
ignited in a muffle furnace (Type 6000 Furnace; Thermolyne Corporation) at 550
o
C for 4 
hours.  Subsamples of the detritus were ignited again in the muffle furnace at 950
o
C for 2 
hr to determine carbonate content by loss in weight. 
Concentrations of AVS and SEM were measured by the modified diffusion 
method (Leonard et al., 1996).  AVS is operationally defined by Leonard et al. (1996) as 
sediment sulfide that is liberated by treatment of the sediment with 1-N hydrochloric 
acid.  AVS is a measure of reactive sulfide, which includes primarily free sulfides, 
amorphous iron monosulfide (FeS), and sulfides of other divalent metals (e.g. Cd, Cu, Ni, 
and Zn; Di Toro et al., 1992; Yu et al., 2001).  Reactive metals liberated during AVS 
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extraction are operationally defined as SEM (Di Toro et al., 1992; Allen et al., 1993; 
Leonard et al., 1996; Ankley et al., 1996; Yu et al., 2001).  In an anaerobic chamber, 
approximately 5 g of wet hydrosoil was subsampled from each wet detritus sample and 
each 3-cm thick sediment interval with a cleaned scoopula and placed into a separate 50-
mL centrifuge tube.  Anaerobic conditions were maintained during sampling and analysis 
of AVS concentration.  50 mL of de-aerated 1-N trace metal grade (37%) HCl (Fisher 
Scientific) and a magnetic stir bar were added to a 500-mL glass jar.  A 30 mL aliquot of 
sulfide antioxidant buffer (SAOB) was added to a 50-mL centrifuge tube that was cut to 
fit in the glass jar.  After the centrifuge tube containing SAOB was positioned upright in 
the glass jar, the subsample of hydrosoil was quickly added to the HCl.  The glass jar was 
immediately capped, and the content of the jar was stirred briskly for approximately 60 
min.  The sulfide generated and trapped in SAOB was measured using an ion-selective 
electrode (ISE) to determine the molar concentration of AVS within each sample.  To 
determine SEM concentration, the HCl extract from the hydrosoil sample was vacuum-
filtered through a 45-µm Millipore membrane filter, poured into a 50-mL centrifuge tube, 
and acidified to 2% HNO3 concentration by volumetric addition of trace metal grade 
concentrated (67%) nitric acid (Fisher Scientific).  SEM concentration of Cd, Cu, Ni, and 
Zn was measured using an inductively coupled plasma-atomic emission spectrometer 
(ICP-AES; Optima 3100RL, Perkin Elmer) according to EPA method 200.7 (USEPA, 
1994).  In this investigation, total SEM (∑SEM) concentration is the sum of the measured 
concentrations of Cd, Cu, Ni, and Zn.  A standard recovery and standard addition were 
measured every ten samples with a prepared blank and Cd, Cu, Ni, and Zn standards 
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(USEPA, 1994).  Cd, Cu, Ni, and Zn concentrations measured by ICP-AES in all 
hydrosoil samples were accepted if standard recoveries were within ± 10% of the 
calibration concentration for individual metals and standard addition percent recoveries 
were within 70-130% (USEPA, 1994).  Quality assurance and quality control for AVS 
concentration analysis included measurement of AVS concentration in sulfide standards.  
Uncertainties for measured AVS and SEM concentrations were determined by calculating 
the prediction intervals from calibration curves for the ISE and ICP-AES.  Sample 
analyses were considered acceptable if concentration measured in a sample with a known 
sulfide concentration was within ± 10% of the calibration concentration.   
After subsamples of the wet hydrosoil were collected, the remaining sample was 
dried in an anaerobic chamber.  Two g of the dried hydrosoil was collected in a 50-mL 
centrifuge tube and diluted with 10 mL of de-aerated deionized water (1:5 dilution) to 
determine hydrosoil pH.  The centrifuge tube was capped and the contents mixed for 
approximately 12 hr using a C10 Platform Shaker (New Brunswick Scientific Classic 
Series; Singh et al., 1998).  pH of the soil suspension was measured using an Orion 
Model 420A pH meter with an Accumet® liquid-filled pH/ATC epoxy body combination 
electrode (13-620-531; Fisher Scientific).  In a 0.5 mL glass vial, a 1:10 dilution was 
performed on the 1:5 diluted sample with de-aerated deionized water to achieve a 1:50 
dilution, which decreased sulfate concentration to within the range (0 to 1000 ppb) of 
standards.  Sulfate concentrations were analyzed using ion chromatography (ICS-2100; 
DIONEX) and an IonPac
®
 AS9-HC column (DIONEX). Uncertainty for measured sulfate 
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concentration was determined by calculating the prediction interval from the calibration 
curve for the ICS-2100.   
Equal and unequal variance t-tests were used to identify hydrosoil conditions 
(redox potential, pH, OM, and sulfate concentration) and parameters (∑SEM 
concentration, SEM concentration for Cd, Cu, Ni, and Zn, and AVS concentration) that 
were statistically different to a p < 0.05 level between: the detritus and sediment of all 
cells; hydrosoil of cells 1 and 2 and hydrosoil of cells 3 and 4; detritus of cells 1 and 2 
and detritus of cells 3 and 4; and sediment of cells 1 and 2 and sediment of cells 3 and 4. 
2.3  Biogeochemical Processes 
 
Measured values of redox potential, pH, OM, carbonate content, and AVS 
concentration were compared to the ranges favorable for metal-immobilizing 
biogeochemical processes of sorption, precipitation of metal-carbonate minerals, and 
metal complexation with AVS (Table 2).  These processes can transfer metals from 
impaired waters to less bioavailable and less toxic forms, sequestering them in the 
hydrosoil of a CWTS.  Sorption is defined as adsorption or absorption of metals to abiotic 
or biotic sorption sites including organic matter (e.g. detritus), oxides, and hydroxides 
(e.g. Tessier and Campbell, 1987; Murray-Gulde et al. 2005b; Vega et al., 2006).  
Sorption to non-dissolved organic matter was investigated in this study.  Dissolved 
organic matter was not measured, but can enhance metal solubility and mobility (Kalbitz 
and Wennrich, 1998).  The divalent metals examined in this work can form carbonate 
minerals (Sheoran and Sheoran, 2006).  Carbonate content greater than OM in the 
hydrosoil may indicate favorable conditions for promoting the precipitation of metal-
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carbonate minerals.  Characteristics of the wetland cells (plants and hydrosoil) were 
assessed by comparing measured conditions and parameters with favorable conditions 
and parameters for achieving the preferred treatment processes (i.e. sorption and metal 
complexation with AVS).  Biogeochemical processes promoted in these cells were 
identified based on the conditions and parameters measured. 
To represent precipitation of metal-carbonate minerals in the detritus and upper 6 
cm of sediment, a thermochemical model of Geochemist Workbench® was created using 
MINTEQ (Bethke, 2008) database assuming an aqueous metal concentration based on 
SEM concentrations, a bulk soil density of 2.3 g/cm
3
, and a porosity of 0.40.  Bicarbonate 
concentration in solution ranged from 0.0001 to 10 mmole/L and aqueous metal 
concentration ranged from 1 to 5 µmole/L.  EDTA was added in the model at a 1:1 ratio 
as a surrogate for natural organic matter (i.e. detritus). 
3.  Results  
3.1  Water and Hydrosoil 
 
The detritus consisted of an organic-rich layer (i.e. plant roots and plant litter) 
approximately 16 to 26 cm thick, corresponding to 35 to 46% of the total depth of the 
hydrosoil (Figure 3; Table 3).  In all four cells, OM was greater in the detritus (29.7-
85.0%) than in the sediment (0.646-46.1%).  The detritus-sediment interface was 
recognized by a distinct boundary at which dark, organic-rich detritus sharply overlaid 
lighter colored mineral-rich (OM < 50%) sediment.  Below the interface, OM decreased 
gradually with depth to 0.646-3.01% at 15 cm below the top of the sediment.  Mean OM 
in all hydrosoil samples was greater in the detritus and sediment (75 and 10%, 
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respectively) of cells 1 and 2 compared to cells 3 and 4 (66 and 2%, respectively).  OM 
and carbonate content were low (0.500-0.982% and 0.197-0.220%, respectively) in 
Eighteen Mile Creek sandy sediment. 
 In all four cells, surface water was oxidizing (133 to 175 mV) at 20 to 25
o
C, as 
expected with exposure to air.  Except near the inflow of cell 4 (124 mV at 24-27 cm), 
redox conditions in the hydrosoil were reducing (-249 to -34 mV; Figure 3; Table 3).  For 
each interval of hydrosoil in both cells 1 and 2, redox potential measured near the inflow 
of each cell was within 0 to 79 mV of that near the outflow.  Redox potential was ≤ -34 
mV, and the difference in redox potential was < 80 mV for composite samples created for 
each interval in each cell.  Intervals were not composited in cells 3 and 4 because samples 
were not recovered from both the inflow and outflow sample locations.   
Surface water pH ranged from 8.07 to 8.55 at 20 to 25
o
C and may have been 
influenced by carbonate content (150 mg CaCO3 /L) in the simulated PW.  pH ranged 
from 5.86 to 6.86 in the detritus and 5.01 to 7.41 in the sediment.  In cells 1, 2, and 4, the 
greatest pH (6.28 to 7.41) measured in the hydrosoil occurred in the upper 6 cm of 
sediment.  In cell 3, the greatest pH (6.12 to 6.68) occurred in the detritus.  pH in the 
sediment ranged from 5.01 to 5.48 except for pH = 6.09 from 29 to 32 cm.   
Sulfate concentration in the hydrosoil ranged from 0.00833 to 4.30 µmole/g in 
cells 1 and 2 and from < 0.000136 (i.e. below detection limit) to 0.0539 µmole/g in cells 
3 and 4.  The greatest sulfate concentration in cell 1 occurred in the upper 8 cm of 
detritus (0.228 µmole/g) and in cell 2 in the lower 12 cm of sediment (0.145 to 4.30 
µmole/g).  The highest AVS concentration (45 µmole/g) in cell 1 occurred in the 
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sediment.  In cells 2, 3, and 4, the greatest AVS concentration (36-160 µmole/g) occurred 
in the detritus.  AVS concentration in the sediment was greater in cells 1 and 2 (5.9-100 
µmole/g) than in cells 3 and 4 (0.54-3.0 µmole/g).  ∑SEM concentration in the hydrosoil 
ranged from 0.082 to 10.7 µmole/g.  ∑SEM concentration was greater in the detritus and 
in the upper 3 cm of sediment than below 3 cm in the sediment.   
In each hydrosoil sample from cells 1 to 4, AVS concentration was greater than 
SO4 concentration.  ΣSEM concentration was greater than AVS concentration only in the 
detritus of cell 1 (Figure 3 and 4; Table 4), except from 24 to 30 cm in cell 4, where 
ΣSEM and AVS concentrations were both <1.39 µmole/g. 
Equal and unequal variance t-tests identified OM (t = 13.5), ΣSEM concentration 
(t = 6.72), and SEM concentration for Cd (t = 5.27), Ni (t = 2.47) and Zn (t = 2.59) as 
statistically different (p < 0.05) between the detritus and sediment (Table 5).  pH (t = 
2.35), ΣSEM concentration (t = 2.20), and AVS concentration (t = 4.55) in the sediment 
were determined as statistically different (p < 0.05) comparing cells 1 and 2 with cells 3 
and 4.  Conditions and parameters in the detritus and the hydrosoil (both detritus and 
sediment) were not statistically different comparing cells 1 and 2 with cells 3 and 4.   
3.2  Biogeochemical Processes 
 
Measured redox potential, pH, OM, and carbonate content in the detritus (Table 
3) were within the ranges favorable for promoting sorption (Table 2)   However, 
measured hydrosoil conditions in the detritus did not occur coincidentally in ranges 
favorable for promoting carbonate complexation, which requires reducing to oxidizing 
conditions (-180 to 700 mV), basic pH (7.5 to 11.5), and OM less than carbonate content 
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(Table 2).  Redox potential, pH, OM, and AVS concentrations were within ranges 
favorable for promoting metal complexation with AVS in the detritus of cells 2, 3, and 4 
and in the sediment of cells 1 and 2 (Table 2).   
In the thermochemical model, CdCO3, ZnCO3, and CuCO3 precipitated from 
solution containing bicarbonate at a concentration ranging from 0.1 to 1 mmole/L without 
the addition of EDTA (i.e. natural organic matter).  The addition of EDTA in the model 
decreased the saturation index by orders of magnitude and prevented metal-carbonate 
precipitation. 
4.  Discussion 
 
Redox potential was greater in the upper 6 cm of sediment (-145 to -34 mV) than 
in the underlying sediment (-249 to -109 mV) and overlying detritus (-209 to -113 mV) 
except for samples from 32 to 35 cm in cell 2 and 29 to 32 cm in cell 3.  The higher redox 
potential in the upper 6 cm of sediment is attributed to downward diffusion of oxygen 
from rhizosphere aeration by the wetland plants (Figure 2).  Redox potential measured 
within 1 cm of a root in cell 4 (24-27 cm; Table 3) was positive (124 mV).  Results from 
numerous studies (e.g. Armstrong et al., 1992; Brix, 1994; Choi et al., 2006) found that 
wetland plants transferred oxygen from the atmosphere to the roots, where some of the 
oxygen diffused into surrounding sediment. 
Nutrient uptake and microbial reactions associated with plants may contribute to 
increased pH (6.28-7.41; Sorrell and Orr, 1993; Vile and Wieder, 1993) in the upper 6 cm 
of sediment in cells 1, 2, and 4.  Herlihy and Mills (1985), Herlihy et al. (1987), and 
Elliot et al. (1998) showed that sulfate-reducing bacteria treated acid mine drainage by 
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removing sulfate from solution, raising pH, producing reactive sulfide (i.e. AVS), and 
decreasing aqueous-phase metal concentration.  Alkalinity is generated during sulfate 









      (1) 
where CH2O represents a carbohydrate, and bicarbonate (HCO3
-
) is the major buffering 
species (Herlihy et al., 1987).  Hydrogen sulfide (H2S) gas may form from bisulfide (HS
-
) 





 → H2S (g)         (2) 
Divalent metals, represented as M
2+
 in Equation 3, react with bisulfide or hydrogen 
sulfide (i.e. AVS) and precipitate as insoluble metal sulfides (Kosolapov et al., 2004).  
H2S + M
2+
 → MS(s) + 2H
+
        (3) 









     (4) 
Equation 4 is pH dependent, where bicarbonate is the dominant buffering species at pH 
values above 6.35 and carbonic acid is the dominant buffering species at pH values below 
6.35 (Patterson et al., 1977). 
Production of AVS by sulfate reduction (Equation 1) in sediment of cells 1 and 2 
is interpreted to have influenced pH, which was statistically greater in sediment of cells 1 
and 2 than in sediment of cells 3 and 4 (6.46 vs. 5.88; t = 2.35, p < 0.05).   If the pH 
buffering capacity of hydrosoil cannot compensate for acid production resulting from 
sources such as organic acid in the hydrosoil, release of H
+
 by roots, and oxidation 
reactions (sulfide or iron oxidation), then pH can decrease in or near the root zone (Jacob 
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and Otte, 2003; Yang and Ye, 2009), which may explain acidic pH (5.09-5.61) in the 
upper 9 cm of the sediment in cell 3 (Figure 3C).   
Sulfate concentration, which is expected to decrease as sulfide is produced 
(Equation 1, above; Machemer and Wilderman, 1992), was less than AVS concentration 
in the hydrosoil of all cells (Tables 3 and 4).  AVS concentration was greater than ∑SEM 
concentration in the detritus of cells 2 through 4 and in the sediment of all 4 cells 
indicating the presence of reactive sulfide available for metal complexation (Figures 3 
and 4; Table 4).  As the concentration of SEM increases beyond the concentration of 
AVS, partitioning of metal from sediment to the water may increase, and consequently 
the potential for metal bioavailability may increase (Leonard et al., 1999).  ∑SEM 
concentration was greater than AVS concentration in the detritus of cell 1 indicating that 
Cd, Cu, Ni, and/or Zn may be potentially bioavailable in the absence of other strong 
binding phases (Fang et al., 2005).  The greatest AVS concentration in cells 3 and 4 
occurred in the detritus, associated with low redox potential (-170 to -113 mV) and high 
OM (29.7-83.4%).  High AVS concentration occurred in cells 1 and 2 at two depths, 
approximately 8 to 20 cm (27 µmole/g and 71-160 µmole/g, respectively) and 30 cm (45 
µmole/g and 100 µmole/g, respectively).  In a study by Jingchun et al. (2010), an anoxic 
tidal mudflat in the Zhangjiang Estuary showed no oxygen penetration and high AVS 
concentration at 10 cm (21 µmole/g) and 30 cm (6 µmole/g) below the sediment surface.  
At depths below 30 cm in both the tidal mudflat of the Zhangjiang Estuary and in cell 2, 
AVS concentration decreased, which is attributed to decreased activity of sulfate 
reducing bacteria. 
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In the detritus of all four cells, low carbonate content (1.19-2.85%) and high OM 
(30-85%) are favorable for the transfer of metals from water to hydrosoil by sorption.  
The thermochemical model demonstrated that sorption to organic matter (represented as 
EDTA) likely prevents precipitation of metal-carbonate minerals.  In a study of metal 
distribution in mine soil, Vega et al. (2006) found a positive correlation between OM and 
Kdmedium [sorption distribution coefficient for partitioning of metals (Cd, Cr, Cu, Ni, Pb, 
and Zn) between soil and impaired water].   Adsorption of metals from water can occur 
rapidly, taking place within a few minutes or hours (Msaky and Calvet, 1990).  
Machemer and Wilderman (1992) found that during the initial period of flow to a CWTS, 
metal adsorption onto organic material in the substrate is an important metal sequestering 
process.  After adsorption sites are filled and sulfate reduction begins, metal sulfide 
precipitation becomes the dominant process for treating metals in a CWTS (Machemer 
and Wilderman, 1992).   
By adding amendments to CWTS hydrosoil to manipulate biogeochemical 
conditions, metals in impaired waters can be targeted for removal by sorption to organic 
matter and complexation with AVS to decrease their solubility and bioavailability 
(Rodgers and Castle, 2008; Machemer and Wilderman, 1992; Table 2).  Mean ∑SEM and 
AVS concentrations in the sediment of cells 1 and 2 were significantly higher (t = 2.20; t 
= 4.55, p < 0.05) compared to cells 3 and 4, which is attributed to sulfate and organic 
matter added to cells 1 and 2.  The high AVS concentrations (5.9-100 µmole/g and 0.426-
10.7 µmole/g, respectively) in cells 1 and 2 indicate complexation and precipitation of 
metal sulfides.  Due to the low concentrations, it is unclear if an appreciable interaction 
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with sulfides occurred in cells 3 and 4.  Because radial oxygen loss from roots is less for 
S. californicus (cells 1 and 2) than for T. angustifolia (cells 3 and 4) (Jordan and 
Whigham, 1988; Murray-Gulde et al., 2005a), the differences in plants are likely to have 
contributed to the lower redox potential and greater AVS in cells 1 and 2 compared with 
cells 3 and 4. Kanagy et al. (2008) found that pilot-scale CWTS cells planted with S. 
californicus contained higher AVS concentration than cells planted with Typha latifolia, 
with both types of cells becoming more reducing with time. 
Typically, in CWTSs horizontal profiles of hydrosoil conditions are studied for 
understanding treatment performance, rate and extent of changes in aqueous metal 
concentration from inflow to outflow, and treatment processes (Murray-Gulde et al., 
2008).  Although horizontal profiles of hydrosoil conditions may be useful for cursory 
evaluations of treatment processes, vertical (depth) profiles of hydrosoil conditions are 
more thorough characterizations of treatment processes necessary to optimize CWTS 
design and effectiveness.  The vertical distribution of measured hydrosoil conditions 
investigated in this study provides information on the variation in treatment processes 
with depth and on the effect of wetland plants, microbes, and amendments on treatment 
processes in the hydrosoil. 
5.  Conclusion 
 
Measured values of redox potential, pH, organic matter content, sulfate 
concentration, and AVS concentration in CWTS cells were in ranges favorable to 
promote sorption and complexation of Cd, Cu, Ni, and Zn with AVS.  Reducing 
conditions and acidic to circumneutral pH in the detritus and sediment are interpreted to 
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have resulted from organic matter degradation, nutrient uptake by roots, and microbial 
processes.  Hydrosoil amendments (hay and gypsum) to cells 1 and 2 likely promoted 
metal complexation with AVS in the sediment, which resulted in greater mean AVS and 
∑SEM concentrations in sediment of cells 1 and 2 (planted with S. californicus) 
compared to cells 3 and 4 (planted with T. angustifolia).  T-tests indicate that cells 
planted with S. californicus and those planted with T. angustifolia were equally effective 
in promoting all conditions in the detritus favorable for sorption of metals and 
complexation with AVS.   
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Figure 1. A) Map view of sampling locations in each pilot-scale CWTS cell. B) Samples 
from the detritus were separated into two approximately 10-cm thick intervals, and cores 
from the sediment were sectioned into five 3-cm thick intervals.   
Figure 2. Profile of a pilot-scale CWTS cell (not to scale).  The hydrosoil consisted of a 
zone of organic-rich detritus underlain by a zone of mineral-rich sediment.  The detritus 
zone comprised tightly packed, both fibrous (diameter ≤ 1 mm) and thick (diameter ≥ 1 
mm) plant roots and plant litter.  The sediment consisted of quartz sand and few thick 
plant roots, which extended downward and served as anchors for the wetland plants. 
Figure 3. Vertical (depth) profiles of measured hydrosoil conditions and parameters in 
cells 1 (Figure A), 2 (B), 3 (C), and 4 (D).  Values for redox potential are plotted at the 
depths measured directly in the hydrosoil; values at 16 cm in cell 1, 26 cm in cell 2, 20 
cm in cell 3, and 24 cm in cell 4 are from within 1 cm above the detritus-sediment 
interface. Values for other conditions and concentrations were measured for core 
intervals and are plotted at depths corresponding to the center of each interval over which 
the parameter was measured. Zero depth corresponds to the surface water-detritus 
interface.  Uncertainty values for sulfate, AVS, and SEM concentrations are listed in 





































                         
        
 
Figure 3 (continued on next page).  
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Figure 3 (continued).  
















Table 1. Analytical methods for surface water and hydrosoil  
 Method Detection Limit 
Temperature
a 
Direct Instrumentation: Mercury Thermometer 0.5ºC 
Redox Potential
a, b 
Modified standard method 2580B: GDT-11 Multi-
meter, in-situ platinum-tipped electrode  




 Direct Instrumentation: Orion Model 420A
c















Direct instrumentation: Ion Chromatograph (ICS-








  sulfate 
AVS and SEM
b
  Modified diffusion method  
(Leonard et al., 1996) 







 Cd  
0.0054 mg L
-1
 Cu  
0.015   mg L
-1




a. Surface water measurement 
b. Hydrosoil measurement 
c. Hydrosoil sample analyzed after 1:5 hydrosoil-water dilution (Singh et al., 1998; Jain, 2004) 
d. Hydrosoil sample analyzed after 1:50 hydrosoil-water dilution, decreasing sulfate concentration to within the 
range (0 to 1000 ppb) of standards 
 
 
Table 2. Comparison of values favorable for biogeochemical processes and measured values in detritus and sediment 
 Favorable Values Measured Values Summary 





















 -209 to -113 -249 to -34 Redox favorable for sorption 







 Greatest sorption at 
pH ~8, sorption 














 Complexation with 




5.69-6.86 5.01-7.41 pH favorable for sorption and 











As OM increases,  










29.7-85.0 0.646-46.1 OM favorable for sorption 
(OM>>carbonate content) 











increases with increasing 
carbonate content
 
N/A 1.19-2.85 * Sorption likely dominates 
precipitation of metal-
carbonate minerals because 
OM>>carbonate content 
Vegetation Sorption increases 
with increasing 




As mass of roots and 






AVS favored by 
vegetation with 
small radial oxygen 











Vegetation favorable for 
sorption (OM>>carbonate 





N/A N/A Complexation with 




36-160  in 
cells 2-4; 
 1.2-3.4 in  
 cell 1 
5.9-100  in  
 cells 1 and 2; 
 0.54-3.0 in  
 cells 3 and 4 
Cells with high [AVS] (≥5.9) 
more favorable for sulfide 
formation than cells with 
low [AVS] (≤3.4) 
N/A Not applicable for treatment process or hydrosoil zone 
*Not measured 
a.
  Under Conditions of 25
o
C and 1 bar (Brookins, 1988) 
b.
  Typical wetland Eh values (Reddy and DeLaune, 2008) 
c.
  Table 3; Inflow and outflow values from cells 1 and 2;  
    Outflow values from cells 3 and 4 
d.
 Abolinno et al. (2003); Msaky and Calvet  
   (1990); Oyanedel-Craver and Smith (2006) 
e.
  Patterson et al. (1977) 
f.
 Barton and Tomei (1995); Postgate (1984) 
g.
 John and Leventhal (1995) 
h.
 Walker and Crawford (1968)  
i.
 Rickard (1973) 
j.
 Rodgers and Castle (2008) 
k.
 Ankley et al. (1996). Metal 
sulfide formation occurs in 
contact even with low [AVS] 
























 Inflow Outflow 
Cell 1       
   Surface Water   166   151 8.07 * * 0.00654 ± 0.00064 
Detritus   0-8 -164 -188 6.11 77.5 to 81.9
b
 1.54 0.228 ± 0.023 
   8-16 -143 -149 6.28 83.2 to 85.0 1.38 0.00833 ± 0.00486 
Sediment 16-19   -53   -34 6.49 31.6 * 0.0273 ± 0.0116 
 19-22   -75   -75 6.51   8.28 * 0.0307 ± 0.0124 
 22-25 -128 -116 5.85   1.93 * 0.0361 ± 0.0136 
 25-28 -157 -109 5.89   1.63 * 0.0312 ± 0.0125 
 28-31 -159 -132 6.15   3.01 * 0.0488 ± 0.0157 
Cell 2        
   Surface water   172   174 8.35 * * 0.259 ± 0.006 
Detritus   0-13 -153 -209 6.66 65.6 to 74.8 2.85 0.0363 ± 0.0136 
 13-26 -162 -184 5.69 61.0 to 78.1 1.71 0.0734 ± 0.0184 
Sediment 26-29 -127 -127 7.41 46.1 * 0.0710 ± 0.0269 
 29-32 -134 -145 7.04   4.83 * 0.145 ± 0.022 
 32-35 -201 -122 6.32   1.91 * 2.91 ± 0.06 
 35-38 -101 -179 6.38   2.06 * 4.30 ± 0.09 
 38-41 -184 -249 6.58   1.11 * 1.27 ± 0.03 
Cell 3
e
        
   Surface water   133   156 8.52 * * 0.0922 ± 0.0019 
Detritus   0-10 -132 -159 6.86 29.7 to 74.3 1.19 0.0400 ± 0.0150 
 10-20 -110 -160 6.12 74.9 to 78.3 1.39 0.0304 ± 0.0130 
Sediment 20- 23 *   -80 5.61   1.96 * 0.0539 ± 0.171 
 23-26 * -105 5.09   0.676 * 0.0174 ± 0.0092 
 26-29 * -114 5.48   1.44 * 0.0414 ± 0.0152 
 29-32 *   -87 6.09   0.895 * 0.0242 ± 0.0114 
 32-35 * -142 5.01   0.733 * 0.0276 ± 0.0123 
Cell 4        
   Surface water   133   133 8.55 * * 0.00578 ± 0.00062 
  Detritus   0-12 -184 -170 6.29 76.5 to 83.4 1.40 0.0447 ± 0.0101 
 12-24   -97 -113 6.71 52.8 to 60.3 1.52 0.0349 ± 0.0087 
Sediment 24-27  124   -68 6.83   4.62 * < 0.000136 
 27-30   -45   -76 6.78   2.79 * < 0.000136 
 30-33 -196 -239 6.20   3.64 * 0.0510 ± 0.0109 
 33-36 -119 -199 5.80   1.21 * < 0.000136 
 36-39 -231 -176 5.89   0.646 * 0.0142 ± 0.0044 
Organic matter content and carbonate content measured in 3 subsamples of Eighteen Mile Creek sandy 
sediment ranged from 0.500 to 0.982% and 0.197 to 0.220%. 
*  Not measured 
a. Inflow and outflow were measured on different days to allow equilibration of electrodes to measure 
redox   potential.  Temperature (
o
C) measured in surface water for inflow and outflow were, respectively, 
25.0 and 25.0 for cell 1, 20.5 and 22.0 for cell 2, 19.0 and 20.5 for cell 3, and 20.0 and 22.5 for cell 4.    
b. Range of three measured values for each of the top two depths of each cell. 
c. Carbonate content measured in the detritus. 
d. Detection limit was 0.136 µmole/mg, ± represents uncertainty. 
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Cd (μmole/g) Cu (μmole/g) Ni (μmole/g) Zn (μmole/g) ΣSEM (μmole/g) AVS (μmole/g) 
Cell 1        
Detritus   0 to 8 0.827 ± 0.007 3.32 ± 0.03 2.06 ± 0.03 3.25 ± 0.03   9.46 ± 0. 09             3.4 ± 0.2 
   8 to 16 1.68 ± 0.02 2.79 ± 0.02 1.11 ± 0.03 1.70 ± 0.02   7.28 ± 0.09            1.2 ± 0.1 
Sediment 16 to 19  2.51 ± 0.02 1.06 ± 0.01 1.06 ± 0.03 4.73 ± 0.04   9.36 ± 0.11     27 ± 1 
 19 to 22 0.651 ± 0.006 0.134 ± 0.018 0.156 ± 0.042 1.92 ± 0.03   2.86 ± 0.10     28 ± 1 
 22 to 25 0.0603 ± 0.0022 0.231 ± 0.018 1.30 ± 0.04 0.884 ± 0.035   2.48 ± 0.09             5.9 ± 0.3 
 25 to 28 0.0101 ± 0.0019 0.0219 ± 0.0147 0.0135 ± 0.0001 0.380 ± 0.028   0.426 ± 0.04     13 ± 1 
 28 to 31  0.0790 ± 0.0020 0.246 ± 0.016 4.09 ± 0.04 0.843 ± 0.032   5.25 ± 0.09     45 ± 2 
Cell 2        
Detritus   0 to 13 3.38 ± 0.03 0.679 ± 0.012 1.68 ± 0.03 4.73 ± 0.04 10.5 ± 0.1     71 ± 3 
 13 to 26 1.69 ± 0.02 0.0743 ± 0.0135 0.452 ± 0.029 8.37 ± 0.07 10.6 ± 0.1   160 ± 8 
Sediment 26 to 29 2.78 ± 0.03 0.318 ± 0.018 0.915 ± 0.039 6.67 ± 0.05 10.7 ± 0.1     61 ± 3 
 29 to 32 0.633 ± 0.056 0.0382 ± 0.0148 0.103 ± 0.032 1.88 ± 0.03   2.65 ± 0.08   100 ± 5 
 32 to 35 0.0440 ± 0.0022 0.0204 ± 0.0185 0.0176 ± 0.0406 0.202 ± 0.036   0.284 ± 0.057     32 ± 2 
 35 to 38 0.0244 ± 0.0018 0.0226 ± 0.0147 0.0169 ± 0.0324 0.121 ± 0.029   0.185 ± 0.046    59 ± 3 
 38 to 41 0.0190 ± 0.0020 0.0267 ± 0.0161 0.0176 ± 0.0354 0.0835 ± 0.0321   0.147 ± 0.050    35 ± 2 
Cell 3        
Detritus   0 to 10 3.27 ± 0.03 0.0209 ± 0.0135 0.425 ± 0.028 7.11 ± 0.06 10.8 ± 0.1  150 ± 7 
 10 to 20 2.50 ± 0.02 0.0313 ± 0.0131 0.815 ± 0.026 5.10 ± 0.04   8.44 ± 0.1   36 ± 2 
Sediment 20 to 23 0.249 ± 0.002 0.0434 ± 0.0159 0.0663 ± 0.035 0.602 ± 0.030   0.961 ± 0.083           1.4 ± 0.1 
 23 to 26 0.0296 ± 0.0022 0.0152 ± 0.0179 0.0222 ± 0.001 0.144 ± 0.036   0.211 ± 0.038     0.54 ± 0.04 
 26 to 29 0.0159 ± 0.0021 0.0131 ± 0.0170 0.0184 ± 0.001 0.119 ± 0.034   0.166 ± 0.036               2.0 ± 0.1 
 29 to 32 0.00265 ± 0.00200 0.0115 ± 0.0157 0.0104 ± 0.001 0.0579 ± 0.0314   0.0825 ± 0.0336               1.9 ± 0.1 
 32 to 35 0.00358 ± 0.00201 0.0142 ± 0.0165 0.0121 ± 0.001 0.0605 ± 0.0328   0.0904 ± 0.0351 0.54 ± 0.04 
Cell 4        
Detritus   0 to 12 3.24 ± 0.03 0.306 ± 0.013 2.88 ± 0.19 0.441 ± 0.004   6.87 ± 0.23  52 ± 2 
 12 to 24 1.57 ± 0.01 0.068 ± 0.013 3.34 ± 0.20 0.474 ± 0.004   5.45 ± 0.23  45 ± 2 
Sediment 24 to 27 0.739 ± 0.007 0.360 ± 0.015 1.71 ± 0.12  0.463 ± 0.008   3.27 ± 0.15          3.0 ± 0.2 
 27 to 30 0.023 ± 0.002 0.248 ± 0.016 0.135 ± 0.005 0.984 ± 0.238   1.39 ± 0.26 0.61 ± 0.04 
 30 to 33 0.00770 ± 0.00203 0.0192 ± 0.0161 0.0866 ± 0.0178 0.169 ± 0.062   0.282 ± 0.098           1.0 ± 0.1 
 33 to 36 0.00205 ± 0.00192 0.0196 ± 0.0151 0.0674 ± 0.001 0.0132 ± 0.0059   0.102 ± 0.023           1.2 ± 0.1 







Table 5. Equal and unequal variance t-test for hydrosoil conditions and parameters in treatment cells 
 
All 4 Cells 
Cells 1 and 2 (S. californicus) vs. 
 Cells 3 and 4 (T. angustifolia) 
Detritus vs. Sediment Hydrosoil Detritus Sediment 
t statistic t statistic t statistic t statistic 
Redox Potential              1.48
a
   0.738
b
         1.69
b
            0.293
b
 




         1.17
a
     2.35
b, c
 
Organic Matter Content            13.5
 b. c
   0.716
a




















    2.20
b, c
 






   4.55
b, c
 
SEM for Cd              5.27
a. c
















SEM for Ni  2.47
b. c
















a   
Equal variance 
b   
Unequal variance 
c   
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 Cd, Cu, Ni, and Zn distribution and fractionation in hydrosoil of a free water 
surface pilot-scale constructed wetland treatment system were investigated to determine 
metal mobility and treatment processes.  Chemical and mineralogical analyses were 
performed on organic detritus and sediment from two cells planted with Schoenoplectus 
californicus and two cells planted with Typha angustifolia.  In all four cells, 
concentrations of Cd, Cu, Ni, and Zn in hydrosoil decreased gradually with depth from 
the detritus (820-30,600 mg/kg) to 15 cm below top of the sediment (<0.300-109 mg/kg).  
Cd, Cu, Ni, and Zn concentrations determined by microwave digestion and ICP-AES 
correlated significantly (R = 0.72-0.93; p < 0.001) with organic matter content.  Using a 
sequential extraction procedure, metals were detected from five operationally defined 
geochemical fractions: exchangeable (approximately 6.5% of each metal); bound to 
carbonates (0.4-39%); bound to Fe-Mn oxides (0.2-74%), bound to organic matter or 
sulfides (3-96%); and residual (0-71%).  The high percent of metals, particularly Zn, 
associated with the Fe-Mn oxide fraction indicates that oxidation and hydrolysis occurred 
in the wetland cells.  High acid-volatile sulfide concentration (5.9-100 µmole/g) in the 
hydrosoil indicates that dissimilatory sulfate reduction occurred, and the presence of 
metal sulfides that formed in the hydrosoil was confirmed by scanning electron 
microscopy.  Metals in the residual fraction are the least likely to be released into the 







 When present at sufficient concentrations and as bioavailable forms, metals such 
as Cd, Cu, Ni, and Zn can cause adverse effects on biota in receiving aquatic systems due 
to their mobilities and solubilities (Mulligan et al., 2001; Peng et al., 2009).  A 
constructed wetland treatment system (CWTS) can be a cost-effective approach to 
sequester metals present in impaired waters including shale gas produced water and 
petroleum produced water (Rodgers and Castle, 2008).  Upon start-up of a CWTS, the 
adsorption of dissolved metals onto organic sites in the substrate material, as well as 
(oxy)hydroxide and carbonate mineral precipitation, are important processes for metal 
removal (Machemer and Wilderman, 1992; Gibert et al., 2005; Zagury et al., 2006; 
Neculita et al., 2007).  The main long-term mechanism for metal removal in a CWTS is 
precipitation in the form of sulfide minerals (Machemer and Wilderman, 1992).  Metal 
mobility in a CWTS is related to biogeochemical processes of transformations and 
transfers to the hydrosoil (Rodgers and Castle, 2008).  A metal is considered potentially 
bioavailable when there is a high capacity of a metal to be mobilized from the hydrosoil.  
Sequential extraction procedures (SEPs) with determination of acid-volatile sulfide 
(AVS) and simultaneously extracted metal (SEM) concentrations in the hydrosoil are 
chemical analyses that measure metal fractionation and identify metal mobility.  
Limitations are associated with SEP due to release and readsorption of metals into the 
residue after extraction and loss of material between extractions (e.g. Tack and Verloo, 
1995; Filgueiras et al. 2002; Zimmerman and Weindorf, 2010).  However, it is a widely 






bound to exchangeable sites, associated with carbonates, bound to Fe-Mn oxides, fixed 
by organic matter and sulfides, or adsorbed onto mineral fractions and/or form specific 
minerals (e.g. Gambrell, 1994).  The Fe-Mn oxide fraction refers to metals bound to Fe 
and Mn oxides and hydroxides (Scancar et al., 2001).  Potential metal mobility and 
bioavailability decreases from the exchangeable fraction to the residual fraction.  The 
concentration of metals in the pore water and in the soluble fraction estimates the amount 
of bioavailable metal in hydrosoil (Filgueiras et al., 2002).  The soluble fraction is 
normally determined together with the exchangeable fraction.  Mineralogical analyses 
help identify chemical forms of metals retained in the solid phase.  Few techniques are 
available to analyze mineralogical forms due to poor crystallinity and/or low 
concentrations of precipitates and metal sulfides (Gibert et al., 2005).  Electron 
microscopy (EM) equipped with X-ray energy dispersion (EDS) has proven successful 
for identifying sulfides in reactive mixtures from constructed wetlands (Machemer et al., 
1993).   
Few studies have investigated in detail the fate, removal processes, distribution, 
and chemical fractions of metals in a CWTS, which determines their mobility, 
bioavailability, and toxicity to aquatic species (Chague-Goff, 2005).  Additional work is 
needed to apply chemical and mineralogical techniques to gain insight into 
biogeochemical processes of metal removal and mobility in CWTSs.  The objectives of 
this study were to: (1) measure the vertical distribution of geochemical conditions and 






measure metal fractions in the hydrosoil to identify biogeochemical treatment processes 
and metal mobility. 
2. Methods 
2.1  Pilot-Scale Constructed Wetland Treatment System 
 
A pilot-scale CWTS was designed and constructed by Alley et al. (in review) at 
Clemson University, South Carolina to investigate removal of Cd, Cu, Ni, Zn, and oil 
from simulated oilfield produced water (PW).  The system consisted of a 3780-L 
retention basin followed by two replicated series of four free water surface wetland cells, 
each comprised of a 378-L Rubbermaid® tub containing sandy sediment (from Eighteen 
Mile Creek near Clemson, South Carolina).  Cells were connected by polyvinyl chloride 
(PVC) pipe to maintain gravity flow.  Hydraulic retention time (HRT) was established at 
24 hr per cell with a flow rate of 97 mL/min. The first two cells (cells 1 and 2) in each 
series were designed to promote reducing conditions (redox potential -250 to -50 mV) 
and targeted dissimilatory sulfate reduction to produce AVS.  Cells 1 and 2 were planted 
with Schoenoplectus californicus (giant bulrush), which has limited radial oxygen loss 
from roots (Murray-Gulde et al., 2005a).  Hay and pelletized gypsum (CaSO4·2H2O) 
were added to the hydrosoil as carbon and sulfur sources, respectively, for dissimilatory 
sulfate reducing bacteria.  The final two cells (cells 3 and 4) in each series were planted 
with Typha angustifolia (narrowleaf cattail), which has extensive radial oxygen loss from 
roots (Jordan and Whigham, 1988).  No hydrosoil amendments were added to the 
hydrosoil of cells 3 and 4.  Treatment performance of the pilot-scale CWTS was 






2.2  Metal Concentration and Hydrosoil Conditions 
 
Four cells of one of the two replicate CWTS series were utilized for this 
investigation.  The following were measured in the hydrosoil of each cell: redox 
potential, pH, organic matter content (OM), AVS concentration, and simultaneously 
extracted metal (SEM) concentration (Table 1). Redox potential was measured in situ, 
while other conditions were measured from samples taken near the inflow and outflow of 
each cell (Figure 1A).  Two samples of the detritus from each of the four cells (Figure 2) 
were collected from directly below the surface water-detritus interface down to the 
detritus-sediment interface.  Each detritus sample (approximately 500 cm
3
) was scooped 
into a one-liter plastic bag, sealed underwater, and then double bagged and immediately 
frozen.  Directly below the location of each detritus sample, a sediment core was obtained 
to a depth of 15 cm below the detritus-sediment interface using 1.91-cm diameter 
chlorinated polyvinyl chloride (CPVC) pipe.  Cores were immediately capped, taped, and 
frozen to prevent air penetration.  Each frozen core was sectioned into five 3-cm 
sediment intervals (Figure 1B) in an anaerobic chamber (98% N2(g)/2% H2(g) 
atmosphere, COY Laboratory Products, Inc.).  A surface water sample was collected 
from a core pipe in each cell and placed into a 50-mL centrifuge tube (4 samples) for 
measurement of Cd, Cu, Ni, and Zn concentrations.  Each detritus and sediment sample 
was subsampled and tested for hydrosoil conditions.  If the difference in redox potential 
was ≤ 80 mV between a recovered interval from the inflow and outflow sample locations 






composite sample for measurement of pH, OM, carbonate content, sulfate concentration, 
AVS concentration, and SEM concentration. 
Each 3-cm thick sediment interval was centrifuged in a 50-mL centrifuge tube (20 
samples).  Recovered pore water was pipetted from each sediment interval into15-mL 
centrifuge tubes (17 samples) to measure Cd, Cu, Ni, and Zn concentrations.  The 
recovered pore water was acidified to 2% HNO3 concentration by volumetric addition of 
trace metal grade concentrated (67%) nitric acid (Fisher Scientific).  Cd, Cu, Ni, and Zn 
concentrations were measured in the pore water using an inductively coupled plasma-
atomic emission spectrometer (ICP-AES; Optima 3100RL, Perkin Elmer) according to 
EPA method 200.7 (USEPA, 1994; Table 1).  A standard recovery and standard addition 
were measured every ten samples with a prepared blank and Cd, Cu, Ni, and Zn standards 
(USEPA, 1994).  Cd, Cu, Ni, and Zn concentrations measured by ICP-AES in all samples 
were accepted if standard recoveries were within ± 10% of the calibration concentration 
of individual metals and standard addition percent recoveries were within 70-130% 
(USEPA, 1994).  A sufficient volume of pore water was recovered from the upper 3 cm 
of sediment to measure pH using an Orion Model 420A pH meter with an Accumet® 
liquid-filled pH/ATC epoxy body combination electrode (13-620-531; Fisher Scientific).   
Redox potential of the hydrosoil was measured using a GDT-11 Multi-meter 
connected to in-situ platinum-tipped electrodes and an Accumet® calomel reference 
electrode (Faulkner et al., 1989).  Eight electrodes were placed near the inflow and eight 
near the outflow of each wetland cell.  At each location one of the eight electrodes was 






water-detritus interface.  Five electrodes were installed at 3-cm intervals in the sediment 
to a depth of 15 cm below the detritus-sediment interface.  All redox measurements were 
adjusted based on hydrogen ion potential.   
Approximately 1 to 3 g were subsampled from each of the 8 wet detritus samples 
and from each centrifuged 3-cm thick sediment interval (20 samples).  Each subsample 
was placed in a separate crucible to measure OM using the Loss-on-Ignition method 
(Heiri et al., 2001).  Each subsample was dried at 105
o
C to a constant weight and ignited 
in a muffle furnace (Type 6000 Furnace; Thermolyne Corporation) at 550
o
C for 4 hours 
to determine non-dissolved OM by loss in weight. Dissolved organic matter was not 
measured, but can enhance metal solubility and mobility (Kalbitz and Wennrich, 1998).   
After subsamples of the eight wet detritus samples and 20 centrifuged sediment 
samples were collected, each remaining sample was dried in an anaerobic chamber.  Two 
g from each of these dried samples was placed in a separate 50-mL centrifuge tube (28 
samples) and diluted with 10 mL of deaerated deionized water to determine hydrosoil pH.  
The centrifuge tube was capped and the contents mixed using a C10 Platform Shaker 
(New Brunswick Scientific Classic Series) for approximately 12 hr (Singh et al., 1998).  
pH of the hydrosoil suspension was measured using an Orion Model 420A pH meter with 
an Accumet® liquid-filled pH/ATC epoxy body combination electrode (13-620-531; 
Fisher Scientific).   
After OM in the wet detritus and centrifuged sediment samples was measured, 0.5 
g of the remaining hydrosoil (28 samples) was digested following procedures of CEM 






1 mL of trace metal grade concentrated (37%) HCl (Fisher Scientific), 5 mL of trace 
metal grade concentrated (67%) HNO3 (Fisher Scientific), and 4 mL of trace metal grade 
concentrated (48%) HF (Fisher Scientific) were added to the sample in a digestion vessel.  
Contents in each vessel were microwave digested (MDS-2000; CEM Corporation) at 
170
o
C for 20 min.  After digestion, approximately 2 g of H3BO3 crystals were added to 
neutralize the acid mixture.  Samples were pipetted into separate 15-mL centrifuge tubes 
(28 samples) and diluted to 2% HNO3 concentration by volumetric addition of deionized 
water.  Concentrations of Cd, Cu, Ni, and Zn were measured using an ICP-AES as 
described previously.  
Concentrations of Cd, Cu, Ni, and Zn were compared with values measured for 
redox potential, pH, OM, and AVS concentration (Table 1).  Pearson correlation analyses 
were performed for redox potential, pH, OM, AVS concentration, and concentrations of 
Cd, Cu, Ni, and Zn to determine the coefficient of correlation (R).  Statistical significance 
was achieved if the p-value (i.e. probability of obtaining the value by chance) was less 
than 0.05. 
 Concentrations of Cd, Cu, Ni, and Zn in background samples were measured 
using the previously described method (microwave digestion and ICP-AES) for 
concentrations of Cd, Cu, Ni, and Zn in the hydrosoil.  Background samples were: 
municipal water (i.e. the water used to formulate the simulated produced water), Eighteen 
Mile Creek sand, and detritus and sediment from a pilot-scale wetland cell filled with 30 
cm of Eighteen Mile Creek sand and planted with Typha latifolia (i.e. “control cell”).  






the control cell, detritus and sediment samples were collected and sectioned similar to 
cells 1, 2, 3, and 4.  Eighteen Mile Creek sand and the sample intervals from the control 
cell were subsampled and analyzed for OM using the Loss-on-Ignition method (Heiri et 
al., 2001) described previously. 
2.3 Metal Fractions 
  
Concentrations of AVS and SEM were measured by the modified diffusion 
method (Leonard et al., 1996; Table 2).  AVS is operationally defined by Leonard et al. 
(1996) as sediment sulfide that is liberated by treatment of the sediment with 1-N 
hydrochloric acid.  AVS is a measure of reactive sulfide, which includes primarily free 
sulfides, amorphous iron monosulfide (FeS), and sulfides of other divalent metals (e.g. 
Cd, Cu, Ni, and Zn; Di Toro et al., 1992; Yu et al., 2001).  Reactive metals liberated 
during AVS extraction are operationally defined as SEM (Di Toro et al., 1992; Allen et 
al., 1993; Leonard et al., 1996; Ankley et al., 1996; Yu et al., 2001). In an anaerobic 
chamber, approximately 5 g of hydrosoil was subsampled using a cleaned scoopula from 
each wet detritus sample and from each centrifuged 3-cm thick sediment interval and 
placed into a separate 50-mL centrifuge tube (28 samples).  Anaerobic conditions were 
maintained during sampling and analysis of AVS concentration.  50 mL of deaerated 1-N 
trace metal grade (37%) HCl (Fisher Scientific) and a magnetic stir bar were added to a 
500-mL glass jar.  A 30 mL aliquot of sulfide antioxidant buffer (SAOB) was added to a 
50-mL centrifuge tube that was cut to fit in the glass jar.  After the centrifuge tube 
containing SAOB was positioned upright in the glass jar, the subsample of hydrosoil was 






were stirred briskly for approximately 60 min.  The sulfide generated and trapped in 
SAOB was measured using an ion-selective electrode (ISE) to determine the molar 
concentration of AVS within each sample.  To determine SEM concentration, HCl extract 
from the hydrosoil sample was vacuum-filtered through a 45-µm Millipore membrane 
filter, and poured into a 50-mL centrifuge tube.  Samples were acidified and 
concentrations of Cd, Cu, Ni, and Zn were measured using an ICP-AES as described 
previously.  In this investigation, total SEM (∑SEM) concentration is the sum of the 
measured concentrations of Cd, Cu, Ni, and Zn.  Quality assurance and quality control for 
AVS analysis included measurement of AVS concentration in sulfide standards.  Sample 
analyses were considered acceptable if concentration measured in a sample with a known 
sulfide concentration was within ± 10% of the calibration concentration. Uncertainties for 
measured AVS and SEM concentrations were determined by calculating the prediction 
interval from calibration curves for the ISE and ICP-AES.   
To investigate the presence of metal sulfides, ten hydrosoil samples were 
examined using a Hitachi TM-3000 scanning EM with an accelerating voltage of 15kV 
and a high current mode for EDS (Table 2).  Approximately 0.5 g was removed from 
each wet detritus sample and centrifuged sediment interval from cells 1 and 3 and stored 
in a 1 mL vial at 4
o
C with one drop of hexamethyldisilazane to preserve plant and 
microbe tissues.  Sediment from cell 2 (2 samples), Eighteen Mile Creek sand, and 
detritus and sediment from the control cell were analyzed using remaining samples dried 
in the anaerobic chamber.  Each sample was dried at 105
o
C and adhered to carbon tape 






determined using a Swift Energy Dispersive-Table Top Microscope (SwiftED-TM) EDS 
system (Oxford Instruments).  Abundant elements (C, O, Fe, S, Zn, Cd, Ni, Al, Si, P, K, 
Ca, Br, Cl, Na, As, Mg) were identified automatically using point or area identification.  
The elements mapped manually were: Cd, Cu, Ni, Zn, S, C, O, Si, and Ca.  
After pH of the hydrosoil suspension was determined, the hydrosoil was allowed 
to settle to the bottom of the 50-mL centrifuge tube.  Approximately 5 mL of the 
supernatant was pipetted into a 15-mL centrifuge tube (28 samples).  Samples were 
acidified and concentrations of Cd, Cu, Ni, and Zn in the supernatant were analyzed 
using ICP-AES as described previously.  Concentrations measured using water as an 
extractant are operationally defined as the “soluble fraction,” which is considered  
bioavailable by Guo et al. (1997), Ma and Rao (1997), and Kabala and Singh (2001). 
SEP analysis was based on the procedure of Tessier et al. (1979) with minor 
modification (Tables 2, 3).  One- g of each hydrosoil sample that was dried in the 
anaerobic chamber from cell 1 (7 samples) and cell 3 (7 samples) was placed in a 
separate 50-mL acid-washed, polyethylene, centrifuge tube (H, Equation 1). The 
hydrosoil sample remained in the same centrifuge tube throughout the SEP to minimize 
hydrosoil loss.  The SEP included five extraction steps, which released metals into five 
operationally defined geochemical fractions (Table 3): F1, exchangeable (magnesium 
chloride released); F2, bound to carbonates (sodium acetate released); F3, reducible and 
bound to Fe-Mn oxides (hydroxylamine hydrochloride – acetic acid released); F4, 
oxidizable and bound to organic matter or sulfides (hydrogen peroxide in nitric acid 






from hydrosoil between each extraction was achieved by centrifuging at 12,000 rpm for 
15 min.  The supernatant was removed with a pipette into a centrifuge tube.  The residue 
was rinsed with 8 mL of deionized water, centrifuged again for 15 min, and pipetted into 
the same tube as the supernatant.  The volume of the combined supernatant and deionized 
water was measured (SEP VTot, Equation 1).  A subsample of each of these volumes (14 
samples for each fraction) was pipetted into individual 15-mL centrifuge tubes, and the 
volume of the subsample was measured (SEP VICP, Equation 1).  Each subsample was 
acidified and the volume measured (VICP, Equation 1); concentrations of Cd, Cu, Ni, and 
Zn in each of these acidified subsamples were analyzed using ICP-AES (CICP, Equation 
1) as described previously.   Concentrations of Cd, Cu, Ni, and Zn in the residual fraction 
were determined using microwave digestion and ICP-AES, following the procedure of 
Dollar et al., 2001, rather than the HF and HClO4 digestion protocol used by Tessier et al. 
(1979). 
Cs (mgmetal/kghydrosoil), which is mg of a specific metal (M, e.g. Ni) in a specific 
fraction (F, e.g. F1) per kg of hydrosoil from which F was obtained, was calculated using 
Equation 1: 
Cs = (CICP x VICP)(SEP VTot)        (1) 
    (SEP VICP) H  
where SEP VTot is total volume (L) of the supernatant and deionized water after 
extraction step for fraction F; SEP VICP is volume (L) of the supernatant (e.g. MgCl2 and 
deionized water) subsample from SEP VTot  pipetted into a 15-mL centrifuge tube prior to 
acidification; VICP is the volume (L) of liquids (e.g. HNO3, supernatant, deionized water) 






measured by ICP-AES in volume VICP; and H is initial mass (kg) of hydrosoil from 
which F was obtained (approximately 0.001 kg).   
CTot (mgmetal/kghydrosoil) is the total mass concentration of a specific metal in the 
hydrosoil and was calculated by summing the mass concentrations of metal M for the 
sequential extraction fractions (Equation 2). 
CTot = CsF1 + CsF2 + CsF3 + CsF4 + CsF5      (2) 
 
where CsF1 is Cs for F1,  CsF2 is Cs for F2,  CsF3 is Cs for F3, CsF4 is Cs f(or the F4, and CsF5 
is Cs for F5.   A mass balance was determined by comparing the metal concentration in 
hydrosoil determined by microwave digestion and ICP-AES with CTot for each metal.  CF 
is the ratio expressed as % of the mass of a specific metal in one fraction to its mass in all 
fractions for the hydrosoil sample analyzed.  CF is the mass concentration of metal M in a 
specific fraction divided by the sum of the mass concentration of the metal M in the 
sequential extraction fractions (Equation 3). 
CF =    Cs       x  100         (3) 
          CTot 
 
Numerous studies (e.g. Ma and Rao, 1997; Carapeto and Purchase, 2000; Li et al., 2001; 
Chague-Goff, 2005) represent sequential extraction data as mg metal per kg hydrosoil 
(i.e. Cs) and % of the mass of a specific metal in one fraction to its mass in all fractions 
for the hydrosoil sample analyzed (i.e. CF).   
CsH Sum (mgmetal/kghydrosoil) is the total mass concentration of metal M in fraction F 
for all 7 samples from a cell.  CH Sum was calculated by summing the mass concentrations 
of metal M in fraction F in each sample from a cell (Equation 4). 






where CsH1 is Cs from sample 1, CsH2 is Cs from sample 2, etc. CsH Sum is a cursory 
explanation of metal fractionation for metal M in the hydrosoil of a cell.  CM Sum 
(mgmetals/kghydrosoil) is the total mass concentration of all metals (Cd, Cu, Ni, and Zn), in 
fraction F for all 7 samples from a cell (Equation 5).  
CM Sum = CCd Sum + CCu Sum + CNi Sum + CZn Sum    (5) 
where CCd Sum is CsH Sum for Cd, CCu Sum is CsH Sum for Cu, CNi Sum is CsH Sum for Ni, and CZn 
Sum is CsH Sum for Zn.  CM Sum is a cursory explanation of divalent metal (i.e. Cd, Cu, Ni, 
and Zn) fractionation in the hydrosoil of a cell.  Factors that can influence metal 
concentrations determined by SEP include heterogeneity of hydrosoil, metal sulfide 
oxidation, and hydrosoil loss when decanting (Rapin et al., 1986; Dollar et al., 2001; 
Peltier et al., 2005).   
Results 
3.1  Metal Concentrations and Hydrosoil Conditions 
 
Except near the inflow of cell 4 (124 mV at 24-27 cm), redox conditions in the 
hydrosoil were reducing (-249 to -34 mV; Figure 3; Table 3).  For each interval of 
hydrosoil in cells 1 and 2, redox potential measured near the inflow of each cell was 
within 0 to 79 mV of that near the outflow.  Redox potential was ≤ -34 mV and the 
difference in redox potential was ≤ 80 mV for composite samples created for each 
interval in each cell.  Intervals were not composited in cells 3 and 4 because samples 
were not recovered from both the inflow and outflow sample locations.   
Concentrations of Cd, Cu, Ni, and Zn ranged from 820-30,600 mg/kg in the 






Cd, Cu, Ni, and Zn decreased gradually with depth to background concentrations 
(<0.300-25 mg/kg) from the detritus to 15 cm below top of the sediment (Tables 4, 5) 
except for concentrations of Zn and Cu in cell 1.  Concentrations of Zn and Cu in cell 1 
decreased downward to 15 cm below the top of the sediment, but did not reach 
background concentrations (109 mg/kg and 28.1 mg/kg, respectively).  Mean 
concentrations of Cd, Cu, Ni, and Zn in the detritus and sediment were greater in cells 1 
through 4 (14,700 and 953 mg/kg, respectively; Figure 4) than in the control cell (237 
and 12.4 mg/kg, respectively).  In the control cell, OM and concentrations of Cd, Cu, Ni, 
and Zn were greater in the detritus (89.6% and 78.3-450 mg/kg, respectively) than in the 
sediment (1.65-19.1%, and <0.300-68.6, respectively; Table 5).  In the control cell, OM 
and concentrations of Cd, Cu, Ni, and Zn decreased gradually with depth from 89.6% to 
1.65% and from 78.3-450 mg/kg to <0.300-18.0 mg/kg, respectively, from the detritus to 
9 cm below the top of the sediment.   
In all four cells, concentrations of Cd, Cu, Ni, and Zn in the hydrosoil correlated 
with OM (R = 0.72-0.93; p < 0.001), with both metal concentrations and OM decreasing 
with depth in each cell (Table 6).  The correlation coefficient for AVS concentration and 
concentrations of Cd, Cu, Ni, and Zn in the hydrosoil was highest for Zn and lowest for 
Cu (R = 0.50 and R = 0.01, respectively; Table 6). 
3.2  Metal Fractions 
 
The highest AVS concentration (45 µmole/g) in cell 1 occurred in the sediment 
(Table 7).  In cells 2, 3, and 4, the greatest AVS concentration (36-160 µmole/g) occurred 






µmole/g) than in cells 3 and 4 (0.54-3.0 µmole/g).  ∑SEM concentration in the hydrosoil 
ranged from 0.082 to 10.7 µmole/g.  ∑SEM concentration was greater in the detritus than 
below 3 cm in the sediment.  ΣSEM concentration was greater than AVS concentration 
only in the detritus of cell 1 (Figures 3, 4; Table 4), except from 24 to 30 cm in cell 4, 
where ΣSEM and AVS concentrations were both <1.39 µmole/g.  SEM concentration of 
Cd and Zn correlated with AVS concentration in the hydrosoil (R = 0.56, p < 0.01 and R 
= 0.72, p < 0.001, respectively; Table 6).   
 Very small (<1-15 µm diameter), spherical and ellipsoidal particles on organic 
matter were observed using scanning EM-EDS.  These particles were identified as metal 
sulfides based on the co-occurrence of Cd, Cu, Ni, Zn, and/or Fe with sulfur in the same 
location (Figures 5-9).  High weight percents of Cd, Ni, and Zn (22%, 13%, and 8-22%, 
respectively) were identified with the occurrence of 5-9% S in the same particle from 19 
to 22 cm in cell 1 (Figure 5; Table 8), from 29 to 32 cm in cell 2 (Figures 6, 7), and from 
0 to 10 cm in cell 3 (Figure 8).  Zn and S were identified by EDS in the same particle 
from 29 to 32 cm in cell 2 and 0 to 10 cm in cell 3, consistent with high SEM 
concentration of Zn (1.88 µmole/g and 7.11 µmole/g; Table 7).  Cu was measured with S 
(4% and 4%, respectively) in the same particle from 0 to 8 cm in cell 1, consistent with 
the highest SEM concentration of Cu (3.32 µmole/g) in all cells (Tables 7, 8).  Fe and S 
were identified in the same particle by scanning EM-EDS in all samples of all 3 cells 
examined from the treatment cells (e.g. Figure 9).  In cells 2 and 3, the observed 
abundance of Fe sulfide remained constant with increasing depth while the abundance of 






39%) measured by EDS were interpreted as organic matter (e.g. root) based on EDS 
mapping of C and O adjacent to the metal sulfide particles.  Metal sulfide particles were 
not identified in Eighteen Mile Creek sand and in hydrosoil at 0 to 21 cm in the control 
wetland cell (Table 8).  Low weight percentages (<1% each) of S, Cd, Cu, and Zn were 
measured by EDS point identification in these samples. 
 Only a small CsH Sum (Equation 4) for each metal was measured in the 
exchangeable fraction of hydrosoil in cells 1 and 3 (19.0-146 mg/kg and 6.75-23.3 
mg/kg, respectively; Figure 10, Tables 9, 10).  The fraction containing the greatest CM Sum 
(Equation 5) in cell 1 was the organic-sulfide fraction (11,800 mg/kg) and in cell 3 was 
the Fe-Mn oxide fraction (3,120 mg/kg; Figure 11).   
 High ∑SEM concentrations (8.44-9.36 µmole/g), AVS concentrations (27-150 
µmole/g), and percentages of Cd, Cu, and Ni associated with the organic-sulfide fraction 
(CF = 52-61%, 63-96%, and 44-61%, respectively) were measured in the upper 3 cm of 
sediment in cell 1 and in the detritus of cell 3 (Figures 3, 12; Tables 7-9).  Percentages 
(CF, Equation 3) of Cd, Cu, and Ni in the residual fraction were greater in the detritus and 
lower 9 cm of sediment of cell 1 (5-39%, 11-54% and 21-71%, respectively) and cell 3 
(2-50%, 32-50%, and 15-62%, respectively) than in other intervals of the hydrosoil.  
Percentages (CF, Equation 3) of Cd, Cu, Ni, and Zn in the carbonate and Fe-Mn oxide 
fractions in the upper 6 cm of sediment in both cells 1 and 3 were 8.6-54%, 2.9-37%, 8.3-
51%, and 11-68%, respectively, except for 0.38-1.5% Cu in cell 1 and 0.19% Cu in the 
upper 3 cm of sediment in cell 3.  In cells 1, 2, and 4, the greatest redox potential (-145 to 






cell 3, the greatest redox potential (-105 to -80 mV) occurred in the upper 6 cm of 
sediment, but the greatest pH (6.12 to 6.68) occurred in the detritus.  pH in the sediment 
ranged from 5.01 to 6.09.  Percentages of metals (CF, Equation 3) in the exchangeable 
fraction were low (0-12%), except for Ni and Zn at specific intervals in cell 1 (15-16% at 
22-25 cm) and for Cd, Ni, and Zn in cell 3 (20-37% at 23-26 cm and 22-27% at 32-35 
cm).  The mass balance determined that the mean percent of each metal recovered by 
sequential extraction ranged from 3.5-11% for all detritus samples and was greater than 
71% for all sediment samples. 
In pore water, concentrations of Cd, Cu, Ni, and Zn each ranged from 0.009 to 
1.15 mg/L and pH ranged from 7.10 to 7.60 (Table 11).  In the pore water of all four 
cells, mean concentration among the four metals in the hydrosoil supernatant (“soluble 
fraction”) was highest for Cu (0.440 mg/L) and lowest for Cd (0.114 mg/L) except for Cd 
concentration in cells 3 and 4.  Cd, Cu, Ni, and Zn concentrations in the soluble fraction 
decreased with depth from the detritus to 15 cm below the top of the sediment (Table 12).  
High Cd concentration associated with the soluble fraction (3.39 to 15.2 mg/kg) was 
measured at the detritus-sediment interface and in the upper 3 cm of sediment in cells 3 
and 4.   
4.  Discussion 
 
Sorption is defined as adsorption or absorption to abiotic or biotic sites and in this 
study includes sorption of metals to organic matter (detritus; fractions F1, F4, and/or F5), 
carbonates (F2), oxides (F3), and hydroxides (F3) (Tessier and Campbell, 1987; Lim et 






surface water to OM by sorption (F1, F4, and/or F5), form strong complexes with OM 
(F4), or be incorporated within resistant OM (refractory organic matter, F5; Tessier et al., 
1979; Coetzee, 1993; Lim et al., 1997; Dollar et al., 2001, Twardowska and Kyzoil, 
2003).  In the current investigation, sorption and complexation with organic matter are 
indicated by the significant correlation (Pearson correlation test) of Cd, Cu, Ni, and Zn 
concentrations determined by microwave digestion and ICP-AES with OM (Table 6) and 
by both metal concentrations and OM decreasing with depth in each cell.  In a study of 
metal distribution in mine soil, Vega et al. (2006) found a positive correlation between 
OM and Kdmedium [sorption distribution coefficient for partitioning of metals (Cd, Cr, Cu, 
Ni, Pb, and Zn) between soil and impaired water].  In a CWTS near Christchurch, New 
Zealand, Chague-Goff (2005) measured a strong positive relationship between OM and 
Zn, Cu, and Pb, with concentrations of metals and organic matter greater in the upper 8 
cm of hydrosoil than in other intervals of hydrosoil   Machemer and Wilderman (1992) 
concluded that during the initial period of flow to a CWTS, metal adsorption onto organic 
material in the substrate is an important metal-sequestering process.  They found that 
after adsorption sites are filled and sulfate reduction begins, sulfide precipitation becomes 
the dominant process for metal removal.  Metals in contact with AVS form sulfide 
compounds that are non-bioavailable because of their low solubility (Di Toro et al., 
1992).  AVS concentration was greater than ∑SEM concentration in the detritus of cells 2 
through 4 and in the sediment of all 4 cells indicating the presence of reactive sulfide 
available for metal complexation (Figures 3, 4, Table 4).  If the concentration of ∑SEM 






water may increase, and consequently the potential for metal bioavailability may increase 
(Leonard et al., 1999).  ∑SEM concentration was slightly greater (~6 µmole/g) than AVS 
concentration in the detritus of cell 1 indicating that Cd, Cu, Ni, and/or Zn may be 
potentially bioavailable.   
Metals associated with the organic-sulfide fraction (F4) can occur in hydrosoil 
from metal sorption or complexation with organic matter and/or precipitation of metal 
sulfide minerals (Tessier et al., 1979; Coetzee, 1993; Lim et al., 1997).  High percentages 
of Cd, Cu, Ni, and Zn (CF, Equation 3) in the organic-sulfide fraction, high SEM 
concentrations of Cd, Cu, Ni, and Zn, and co-occurrences of metals with sulfur in the 
same particles indicate the formation of metal sulfides in the upper 6 cm of sediment in 
cell 1 and in the detritus of cell 3.  Metals and S also occurred in the same particles in 
samples from 0 to 8 cm in cell 1, 29 to 32 cm in cell 2, 35 to 38 cm in cell 2, and 20 to 23 
cm in cell 3.  The absence of metal sulfides in background samples (i.e. Eighteen Mile 
Creek sand and the control cell) indicates that the metal sulfide particles formed during 
treatment.  Based on the co-occurrence of metals and sulfur in the same particles 
recognized by scanning EM-EDS (Figures 5-8, Table 8), the following metal sulfides 
precipitated: Cu sulfide in the detritus and Cd sulfide in the sediment of cell 1; Zn sulfide 
in the detritus of cells 2 and 3; and Zn, Ni, and Cd sulfides in the sediment of cell 2, 
consistent with high SEM concentrations of Cd, Cu, Ni, and Zn (Figure 4, Table 7).  In an 
anaerobic treatment wetland in Butte, Montana, Gammons and Frandsen (2001) 
identified Zn sulfide clusters on the order of a few tens of micrometers in diameter that 






size to the spherical particles (<1 to 15 µm in diameter) observed in this study.  Nanda et 
al. (2000) and Labrenz et al. (2000) used transmission electron microscopy to identify 
synthesized, globular Zn sulfide nanocrystallites and micrometer-scale spherical 
aggregates of Zn sulfide in biofilms similar in shape, size, and composition to the Zn 
sulfide particles observed in this study (Figures 6-8).  Small (3 to 23 µm in diameter), 
framboidal Fe sulfides associated with organic matter in the water of an anoxic fjord in 
South Norway (Skei, 1988) and in Upper Devonian Rhinestreet black shale (Lash and 
Blood, 2004) were similar in shape, size, and composition to the Fe sulfide particles 
observed in this study.  A high percentage of Cu (CF, Equation 3, = 28-85%) was 
associated with the organic-sulfide fraction (Figure 12).  Calmano et al. (1993) and 
Dollar et al. (2001) found that Cu was associated (90%) with the organic-sulfide fraction 
in dredged and wetland sediments and forms strong bonds with organic matter.  The 
organic-sulfide fraction is the phase most stable under reducing conditions (Chague-Goff, 
2005) and is unlikely to be mobilized unless there is an increase in redox potential 
(Dollar et al., 2001).  Choi et al. (2006) found that wetland plants transfer oxygen from 
the atmosphere to the roots, where some of the oxygen diffuses into surrounding 
sediment.  This could lead to mobilization of metals due to sulfide oxidation and 
dissolution (Jacob and Otte, 2003).   
Insufficient AVS for binding metals as sulfides could result in availability of 
metals for binding to CO3
2-
, Fe(OH)3, MnO2, Mn(OH)2, or solid organic matter (F1, F4, 
and/or F5) to form other non-bioavailable phases such as carbonates and oxides 






contain metals precipitated or coprecipitated with carbonate (Stone and Droppo, 1996).  
Carbonate can be a sorbent for metals when more abundant than OM and Fe-Mn oxides 
(Stone and Droppo, 1996).  The percentages of Cd, Cu, Ni, and Zn (CF, Equation 3) 
associated with the carbonate fraction (F2) in the hydrosoil ranged from 0.38 to 39%.  
Previous studies have documented the formation of carbonates containing Cd, Cu, Ni, 
and Zn under anoxic conditions (Khalid, 1980; Morel and Hering, 1993; Lin 1995; 
Bostick et al., 2001; Hansel et al., 2001).  However, when AVS is present in anoxic 
conditions, these metals preferentially form metal sulfides (Khalid, 1980; Huerta-Diaz et 
al., 1993; Achterberg et al., 1997; Morse and Luther, 1999; Sobolewski, 1999; Kosolapov 
et al., 2004). With the exception of Zn in the organic-sulfide fraction, the mean 
percentages (mean of CF, Equation 3) of Cd, Cu, Ni, and Zn were less in the carbonate 
fraction (17, 2, 21, 10%, respectively) than in the organic-sulfide fraction (35, 53, 11, 
20%, respectively) and in the Fe-Mn oxide fraction (26, 12, 24, 55%, respectively) for all 
samples analyzed.  The organic-sulfide and Fe-Mn oxide fractions were likely more 
favorable than the carbonate fraction for sequestering metals into the hydrosoil. 
Scavenging of Cd, Cu, Ni, and Zn by oxides of manganese and iron, present as 
coatings on mineral surfaces or as discrete particles, can occur by various mechanisms 
including coprecipitation and sorption (Hall et al., 1996).  Percentages of Cd, Cu, Ni, and 
Zn (CF, Equation 3) in the Fe-Mn oxide fraction (F3) in the upper 6 cm of sediment (11-
54%, 20-37%, 21-51%, and 50-68%, respectively), except for 0.19-6% Cu in cell 1, are 
attributed to downward diffusion of oxygen from rhizosphere aeration by wetland plants 






mV.  Dissolution of metal oxides, including the Fe-Mn oxide fraction, and release of 
metals into the surface water may occur with a decrease in redox potential (Dollar et al., 
2001).  In this study, 26-74% Zn, 6.8-54% Cd, 8.4-51% Ni, and 0.18-36% Cu (CF, 
Equation 3) were associated with the Fe-Mn oxide fraction in hydrosoil with a redox 
potential ranging from -249 to -34 mV.  
 Percentages of Cd, Cu, Ni, and Zn (CF, Equation 3) in the residual fraction (F5), 
which is the most stable fraction in the hydrosoil, were 11-50%, 3.2-54%, 3.6-71%, and 
0-31%, respectively.  Cd, Cu, Ni, and Zn (CF = 1.7-39%, 33-54%, 15-71%, and 0-3.6%, 
respectively) in the residual fraction of the detritus may be sorbed or bound to highly 
refractory organic matter, which can form part of the residual fraction (Tessier et al., 
1979; Dollar et al., 2001). Cd, Cu, Ni, and Zn (0.11-50%, 3.2-50%, 3.5-62%, and 0-31%, 
respectively) in the residual fraction of sediment samples are interpreted to be bound to 
both minerals and highly refractory organic matter.  Metals associated with the residual 
fraction are unlikely to mobilize into the surface water from changes in redox potential or 
pH (Dollar et al., 2001). 
 In this study, sorption and precipitation were important biogeochemical processes, 
which transferred and transformed Cd, Cu, Ni, and Zn from a soluble state in the surface 
water to a more stable state (F1-F5) in the hydrosoil (Table 13).  According to Machemer 
and Wilderman, (1992), adsorption to organic matter and precipitation of sulfide minerals 
are important processes for treating metals.  In this investigation, precipitation of sulfide 
minerals was confirmed by chemical extractions (SEP and AVS-SEM) and by 






hydrosoil (microwave digestion and ICP-AES) with OM, the thick detritus interval, and 
the low mean ∑SEM concentrations (0.363-1.84 µmole/g) indicate that sorption and 
complexation with organic matter was more favorable than precipitation of metal sulfide 
minerals in the hydrosoil of each cell.  As sorption sites fill, metal complexation with 
AVS, specifically with high AVS concentrations in the detritus of cells 2 through 4 and 
the sediment of cells 1 and 2, can become a favorable process for treating these metals. 
5.  Conclusion 
 CWTSs are designed to promote specific biogeochemical pathways, e.g. sorption 
(F1-F5) and precipitation (F2-F4), by which targeted constituents can be transferred or 
transformed (Table 13).  Metal concentrations in hydrosoil determined by microwave 
digestion and ICP-AES decreased with depth from the detritus to 15 cm below the top of 
the sediment.  The significant correlation of Cd, Cu, Ni, and Zn concentrations 
determined by microwave digestion and ICP-AES with OM indicates that metal 
accumulation was strongly controlled by OM (F1, F4, and/or F5).  The occurrence of 
metals bound to sulfides confirmed by chemical extractions (SEP and AVS-SEM) and by 
mineralogical analysis (scanning EM-EDS) indicates precipitation of sulfide minerals.   
The high percent of metals associated with the Fe-Mn oxide fraction indicates oxidation 
and hydrolysis (i.e. speciation and ionization).  Reducing conditions, high OM, high AVS 
concentration, and Fe and S co-occurrence in the same particles identified by scanning 
EM-EDS in the hydrosoil of cells 1, 2, and 3 indicates that dissimilatory sulfate reduction 
occurred.  The metal fractionation results suggest that wetlands should be designed with 
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Figure 1.  A) Map view of sampling locations in each pilot-scale CWTS cell. B) Samples 
from the detritus were separated into two approximately 10-cm thick intervals, and cores 
from the sediment were sectioned into five 3-cm thick intervals.   
Figure 2. Profile of a pilot-scale CWTS cell (not to scale).  The hydrosoil consisted of a 
zone of organic-rich detritus underlain by a zone of mineral-rich sediment.  The detritus 
zone comprised tightly packed, both fibrous (diameter ≤ 1 mm) and thick (diameter ≥ 1 
mm) plant roots and plant litter.  The sediment consisted of quartz sand and few thick 
plant roots, which extended downward and served as anchors for the wetland plants. 
Figure 3. Vertical (depth) profiles of measured hydrosoil conditions and concentrations 
of Cd, Cu, Ni, and Zn in cells 1 (Figure A), 2 (B), 3 (C), and 4 (D).  Values for redox 
potential are plotted at the depths measured directly in the hydrosoil; values at 16 cm in 
cell 1, 26 cm in cell 2, 20 cm in cell 3, and 24 cm in cell 4 are from within 1 cm of the 
detritus-sediment interface. Values for other conditions and concentrations are plotted at 
depths corresponding to the center of each interval over which the parameter was 
measured. Zero depth corresponds to the surface water-detritus interface.  Metal 
concentrations were determined using microwave digestion method described in section 
2.2. Uncertainty values for AVS and SEM concentrations are listed in Table 7. 
Figure 4.  Horizontal (cell to cell) profiles of mean Cd, Cu, Ni, and Zn concentrations 
measured in hydrosoil samples. A) Metal concentrations in the detritus determined by 
modified diffusion method (SEM).  B) Metal concentrations in the detritus determined by 
microwave digestion. C) Metal concentrations in the sediment determined by modified 






digestion. E) Metal concentrations in both the detritus and sediment determined by 
modified diffusion method. F) Metal concentrations in both the detritus and sediment 
determined by microwave digestion. 
Figure 5. Scanning EM images for sediment sample from 19 to 22 cm in cell 1. A) S. 
californicus roots and sand grains. B) S. californicus root enlarged from Figure A. C) 
Root structure and particles (appearing white in the photomicrographs) on root. D) 
Enlargement of particles showing spherical shape. E) EDS map showing Cd distribution 
for area represented in Figure D. F) EDS map showing S distribution for area represented 
in Figure D. Concentrations of Cd and S coincide, indicating probable occurrence of Cd 
sulfide. G) Elemental analysis of area within box in Figure D. Cd and S are attributed to 
Cd sulfide, and C and O are attributed to the root. 
Figure 6. Scanning EM images for sediment sample from 29 to 32 cm in cell 2. A) 
particles on S. californicus root.  B) EDS map showing Ni distribution for area 
represented in Figure A. C) EDS map showing Zn distribution for area represented in 
Figure A. D) EDS map showing Cd distribution for area represented in Figure A. E) EDS 
map showing Fe distribution for area represented in Figure A. F) EDS map showing 
sulfur distribution for area represented in Figure A. Concentrations of Ni, Cd, Zn, and Fe 
coincide with S, indicating the occurrence of sulfides containing these metals. G) 
Elemental analysis of area within box in Figure A.  Ni, Cu, Zn, and S are attributed to Ni, 
Cu, and Zn sulfides, and C and O to the underlying root.  
Figure 7. Scanning EM images for sediment sample from 29 to 32 cm in cell 2. A) 






represented in Figure A. Zn occurrence is greatest in the particles. C) EDS map showing 
sulfur distribution for area represented in Figure A. D) EDS map showing Cd distribution 
for area represented in Figure A.  Concentrations of Zn and Cd coincide with S, 
indicating the presence of Zn and Cd sulfides. E) Elemental analysis of particles 1 and 2 
shown in Figure A.  Cd, Zn, and S are attributed to metal sulfides forming the particles, 
and C and O to the underlying root. 
Figure 8. Scanning EM images for detritus sample from 0 to10 cm in cell 3. A) particles 
on T. angustifolia root. B) EDS map showing Zn distribution for area represented in 
Figure A. C) EDS map showing Cd distribution for area represented in Figure A. D) EDS 
map showing S distribution for area represented in Figure A.  Concentrations of Zn and 
Cd coincide with S, indicating the occurrence of Zn and Cd sulfides. E) Elemental 
analysis of area represented in Figure A. Zn, Cd, and S are attributed to Zn and Cd 
sulfides, and C and O to the underlying root. 
Figure 9. Scanning EM images for sediment sample from 19 to 22 cm in cell 1. A) 
particle on S. californicus  root.  B) EDS map showing Fe distribution for area 
represented in Figure A. C) EDS map showing S distribution for area represented in 
Figure A. Concentrations of Fe and S coincide, indicating the occurrence of Fe sulfide. 
D) Elemental analysis of the particle (box in Figure A) indicates that the particle consists 
of Fe sulfide. C and O are attributed to the root. 
Figure 10. Concentrations of Cd, Cu, Ni, and Zn (CsH Sum, Equation 4) in the 






(F5) fractions for all 7samples within each cell.  A) Cell 1 planted with S. californicus. B) 
Cell 3 planted with T. angustifolia.  
Figure 11. Total concentration of Cd, Cu, Ni, and Zn (CM Sum, Equation 5) in the 
exchangeable (F1), carbonate (F2), Fe-Mn oxide (F3), organic-sulfide (F4), and residual 
(F5) fractions in cells 1 (7 samples) and 3 (7 samples).  
Figure 12. Percentages of metals (CF, Equation 3) distributed among fractions for each 
sample analyzed from cell 1 (A, C, E, G) and cell 3 (B, D, F, H).  Fractions are: 













































                         
 
 
Figure 3 (continued on next page). 
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Table 1. Analytical methods for surface water, hydrosoil, and pore water 
Parameter Method Detection Limit 
Temperature
a 
Direct instrumentation: Mercury Thermometer 0.5ºC 
Redox potential
a, b Modified standard method 2580B: GDT-11 Multi-meter, 




 Direct instrumentation: Orion Model 420A 0.01 S.U. 
Organic matter 
content
b Loss-on-ignition at 550
o
C (Heiri et al., 2001) 0.0001g 
AVS
b




a, b, d, e 
USEPA method 200.7 (USEPA, 1994) 0.0034 mg L
-1
 Cd  
0.0054 mg L
-1
 Cu  
0.015 mg L
-1




e. Surface water measurement 
f. Hydrosoil measurement 
g. Hydrosoil sample was analyzed after 1:5 hydrosoil-water dilution (Singh et al., 1998; Jain, 2004) 
h. Pore water measurement 





Table 2. Analytical methods for metals 
Approach Technique Objective 
Chemical analysis Microwave digestion following procedures of 
CEM (1991; OS-14 method) 
Metal concentration in hydrosoil 
                SEP using modified Tessier et al. (1979) 
method 
Metal concentration (Cs, 
Equation 1) associated with: 
exchangeable, carbonate, Fe-Mn 
oxide, organic-sulfide, and 
residual fractions 
 1:5 hydrosoil water dilution Metal concentration associated 
with soluble fraction 
 AVS-SEM using modified diffusion method 
(Leonard et al., 1996) 
Acid-volatile sulfide 
concentration; metal 
concentration liberated during 
AVS extraction  
Mineralogical 
analysis 
Scanning EM-EDS using direct 
instrumentation  
with TM-3000 and SwiftED-TM 
Metal sulfide identification 
SEP = Sequential extraction procedure 
AVS-SEM = Acid-volatile sulfide and simultaneously extracted metal 






Table 3. Sequential extraction reagents and extracted fractions
a 
Fraction Reagent Extracted Fraction 
F1
 
1 M MgCl2, pH 7.0; 1 hr Exchangeable 
F2 1 M NaOAc
e
, pH 5.0 (HOAc
d
); 5 hr Bound to carbonates 
F3 0.04 M NH2OH∙HCl
e
 in 25 % (v/v) HOAc
d
, pH not 
adjusted; 6 hr; 96 ± 3
o
C 
Bound to Fe-Mn oxides 




, pH 2 (HNO3
d
); time variable,  
85 ± 2
o
C with subsequent addition of  NH4OAc 










, and DI water, pH not adjusted; assisted 
microwave digestion 
Residual 
a. Modified from Tessier et al. (1979) 
b. Modified from Tessier et al. (1979) chemical fractionation procedure 
c. Enzyme grade 
d. Trace metal grade (Fisher Scientific) 
e. ACS reagent grade (Fisher Scientific) 
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Ni Zn Cu Cd 
Cell 1      
     Surface water       <0.001          0.106          0.084         0.008 
     Detritus 0 to 8 13000 16000 28700 15700 
 8 to 16 17700 19500 26400 21500 
     Sediment 16 to 19   4430   7190   5500   6430 
 19 to 22     176     501     152     305 
 22 to 25       <0.300       73.5       15.5        5.23 
 25 to 28       <0.300       56.3       11.6      <0.300 
 28 to 31       12.3     109       28.1      20.1 
Cell 2      
     Surface water         0.081          0.084         0.032         0.007 
     Detritus 0 to 13 16600 30600 14600 29700 
 13 to 26 12600 27800   3720 15500 
     Sediment 26 to 29 11200 19200   5540 13400 
 29 to 32     155     410       76.6     235 
 32 to 35   15.6       51.7         6.31       14.07 
 35 to 38      <0.300       23.7         0.754       <0.300 
 38 to 41      <0.300       14.3       <0.300       <0.300 
Cell 3      
     Surface Water         0.017         0.130         0.095         0.050 
     Detritus 0 to 10   7830 13600   2890   7780 
 10 to 20 15600 31500   1900 20800 
     Sediment 20 to 23         4.61     120       <0.300         0.312 
 23 to 26       43.2       92.3       10.9       57.7 
 26 to 29         2.37       27.0       <0.300       <0.300 
 29 to 32       <0.300       22.5       <0.300       <0.300 
 32 to 35         1.14       19.8       <0.300       <0.300 
Cell 4      
     Surface Water         0.023         0.077         0.055         0.032 
     Detritus 0 to 12   5280 12600   5900 14100 
 12 to 24   2580   8950     820   7450 
     Sediment 24 to 27     113     139       34.4       87.0 
 27 to 30       10.9      28.3       <0.300         1.65 
 30 to 33         4.02      23.9       <0.300       <0.300 
 33 to 36       <0.300      15.0       <0.300       <0.300 
  36 to 39       <0.300      12.6       <0.300       <0.300 
a













OM content (%) Ni Zn Cu Cd 
Municipal Water   <0.001   0.011   <0.001   <0.001 * 
18 Mile Creek Sand   <0.300  25.4   <0.300   <0.300   0.943 
Control Cell (Hydrosoil) 
Depth (cm) 
0 to 15 78.3 450 299 122  89.6 
15 to 18   7.19   68.6   13.7   <0.300  19.1 
18 to 21 <0.300   28.0   <0.300   15.8    1.75 
21 to 24 <0.300   18.0   <0.300   10.9    1.65 
*Not measured (only measured non-dissolved OM) 
0 cm = surface water-detritus interface 
a














Table 6. Correlation matrix for hydrosoil conditions and Ni, Zn, Cu, and Cd concentrations in the pilot-scale CWTS 






Ni Zn Cu Cd Ni Zn Cu Cd 
Redox  1             
pH  0.07 1            





  1          
Ni
a




 1         
Zn
a






 1        
Cu
a






 1       
Cd
a
 -0.21 0.23 0.93
b






 1      
∑SEM -0.01 0.24 0.47
d
 0.10 0.26 0.29 0.31 0.37 1     














 1    










 0.08 1   
















 0.31 0.18 1  
SEM Cd -0.01 0.24 0.47
d






 0.22 1 
Bold indicates correlation is significant 
a. Concentration determined by microwave digestion 
b. Correlation is significant at the 0.001 level (two-tailed) 
   
c. Correlation is significant at the 0.01 level (two-tailed)    










Cd (μmole/g) Cu (μmole/g) Ni (μmole/g) Zn (μmole/g) ΣSEM (μmole/g) AVS (μmole/g) 
Cell 1        
Detritus   0 to 8 0.827 ± 0.007 3.32 ± 0.03 2.06 ± 0.03 3.25 ± 0.03   9.46 ± 0. 09             3.4 ± 0.2 
   8 to 16 1.68 ± 0.02 2.79 ± 0.02 1.11 ± 0.03 1.70 ± 0.02   7.28 ± 0.09            1.2 ± 0.1 
Sediment 16 to 19  2.51 ± 0.02 1.06 ± 0.01 1.06 ± 0.03 4.73 ± 0.04   9.36 ± 0.11     27 ± 1 
 19 to 22 0.651 ± 0.006 0.134 ± 0.018 0.156 ± 0.042 1.92 ± 0.03   2.86 ± 0.10     28 ± 1 
 22 to 25 0.0603 ± 0.0022 0.231 ± 0.018 1.30 ± 0.04 0.884 ± 0.035   2.48 ± 0.09             5.9 ± 0.3 
 25 to 28 0.0101 ± 0.0019 0.0219 ± 0.0147 0.0135 ± 0.0001 0.380 ± 0.028   0.426 ± 0.04     13 ± 1 
 28 to 31  0.0790 ± 0.0020 0.246 ± 0.016 4.09 ± 0.04 0.843 ± 0.032   5.25 ± 0.09     45 ± 2 
Cell 2        
Detritus   0 to 13 3.38 ± 0.03 0.679 ± 0.012 1.68 ± 0.03 4.73 ± 0.04 10.5 ± 0.1     71 ± 3 
 13 to 26 1.69 ± 0.02 0.0743 ± 0.0135 0.452 ± 0.029 8.37 ± 0.07 10.6 ± 0.1   160 ± 8 
Sediment 26 to 29 2.78 ± 0.03 0.318 ± 0.018 0.915 ± 0.039 6.67 ± 0.05 10.7 ± 0.1     61 ± 3 
 29 to 32 0.633 ± 0.056 0.0382 ± 0.0148 0.103 ± 0.032 1.88 ± 0.03   2.65 ± 0.08   100 ± 5 
 32 to 35 0.0440 ± 0.0022 0.0204 ± 0.0185 0.0176 ± 0.0406 0.202 ± 0.036   0.284 ± 0.057     32 ± 2 
 35 to 38 0.0244 ± 0.0018 0.0226 ± 0.0147 0.0169 ± 0.0324 0.121 ± 0.029   0.185 ± 0.046    59 ± 3 
 38 to 41 0.0190 ± 0.0020 0.0267 ± 0.0161 0.0176 ± 0.0354 0.0835 ± 0.0321   0.147 ± 0.050    35 ± 2 
Cell 3        
Detritus   0 to 10 3.27 ± 0.03 0.0209 ± 0.0135 0.425 ± 0.028 7.11 ± 0.06 10.8 ± 0.1  150 ± 7 
 10 to 20 2.50 ± 0.02 0.0313 ± 0.0131 0.815 ± 0.026 5.10 ± 0.04   8.44 ± 0.1   36 ± 2 
Sediment 20 to 23 0.249 ± 0.002 0.0434 ± 0.0159 0.0663 ± 0.035 0.602 ± 0.030   0.961 ± 0.083           1.4 ± 0.1 
 23 to 26 0.0296 ± 0.0022 0.0152 ± 0.0179 0.0222 ± 0.001 0.144 ± 0.036   0.211 ± 0.038     0.54 ± 0.04 
 26 to 29 0.0159 ± 0.0021 0.0131 ± 0.0170 0.0184 ± 0.001 0.119 ± 0.034   0.166 ± 0.036               2.0 ± 0.1 
 29 to 32 0.00265 ± 0.00200 0.0115 ± 0.0157 0.0104 ± 0.001 0.0579 ± 0.0314   0.0825 ± 0.0336               1.9 ± 0.1 
 32 to 35 0.00358 ± 0.00201 0.0142 ± 0.0165 0.0121 ± 0.001 0.0605 ± 0.0328   0.0904 ± 0.0351 0.54 ± 0.04 
Cell 4        
Detritus   0 to 12 3.24 ± 0.03 0.306 ± 0.013 2.88 ± 0.19 0.441 ± 0.004   6.87 ± 0.23  52 ± 2 
 12 to 24 1.57 ± 0.01 0.068 ± 0.013 3.34 ± 0.20 0.474 ± 0.004   5.45 ± 0.23  45 ± 2 
Sediment 24 to 27 0.739 ± 0.007 0.360 ± 0.015 1.71 ± 0.12  0.463 ± 0.008   3.27 ± 0.15          3.0 ± 0.2 
 27 to 30 0.023 ± 0.002 0.248 ± 0.016 0.135 ± 0.005 0.984 ± 0.238   1.39 ± 0.26 0.61 ± 0.04 
 30 to 33 0.00770 ± 0.00203 0.0192 ± 0.0161 0.0866 ± 0.0178 0.169 ± 0.062   0.282 ± 0.098           1.0 ± 0.1 
 33 to 36 0.00205 ± 0.00192 0.0196 ± 0.0151 0.0674 ± 0.001 0.0132 ± 0.0059   0.102 ± 0.023           1.2 ± 0.1 











Scanning EM-EDS data: Co-occurrence of elements in same particle SEP, SEM, and AVS Results 
Cell 1 0 to 8 Cd (4%), Cu (2%), Ni (2%), Zn (2%), and S (4%)  SEM concentration of Cu (3.32 µmole/g) greater in cell 1 
than in other cells; 61% of Cu associated with 
organic-sulfide fraction 
19 to 22 Cd (22%) and S (8%;
 
Figure 5) 52% of Cd associated with organic-sulfide fraction 
Cell 2 29 to 32 
 
Ni (13%), Zn (1%), Cd (1%), Fe (7 %), and S (9%; Figure 6) High SEM concentration of Zn (1.88 µmole/g); Low SEM 
concentration of Cu (0.038 µmole/g) measured 
 Zn (7%), Cd (1%), Fe (4%), and S (5%)
 
 
 Zn (8-10%), Cd (3%), Ni (2%), Fe (3%), and S (5-7%; Figure 7) 
35 to 38 Fe and S throughout sample; Observed abundance of Fe and S 
remained constant with increasing depth while the abundance of 
Cd, Ni, Zn, and S decreased 
Low ∑SEM concentration (0.185 µmole/g); High AVS 
concentration (59 µmole/g) 
Cell 3 0 to 10 Zn (16-22%), Cd (1-2%), and S (7-8%; Figure 8) High SEM concentration of Zn (7.11 µmole/g) 
20 to 23 Fe and S throughout sample  Low ∑SEM concentration (0.961 µmole/g) 
No metal identified with S in background samples (18 Mile creek sand, control cell intervals: 0 to 15 cm, 15 to 18 cm, and 18 to 21 cm). Measured 
<0.5% S and <1% Cd, Cu, Ni, and Zn each. 
%: weight percent of element measured by EDS point identification (e.g. Figure 5.G) 
SEP: Sequential extraction procedure 
SEM: Simultaneously extracted metal 
AVS: Acid-volatile sulfide 







Table 9. Metal concentrations (Cs, Equation 1) in samples analyzed and sums 






Ni Zn Cu Cd 
F1 Detritus 0 to 8    60.6     38.9       4.58     18.2 
  8 to 16    58.6     26.8       3.71     10.5 
 Sediment 16 to 19    20.1       7.61       3.67       9.39 
  19 to 22      2.65       0.788       2.15       0.551 
  22 to 25      1.96     19.5       1.88       1.54 
  25 to 28      1.13       4.52       1.57       0.241 
  28 to 31      1.23       0.335       1.42       0.205 
 CsH Sum:  150.0   102.0     22.40     43.6 
F2 Detritus 0 to 8    92.3   177     18.2   208 
  8 to 16    95.9   163     28.8   265 
 Sediment 16 to 19  242 1010     16.2 1350 
  19 to 22    23.7     90.1       2.40     63.4 
  22 to 25      0.772     17.3       0.269       1.57 
  25 to 28      0.622     13.7       0.330       0.442 
  28 to 31      4.40     27.3       0.771       8.81 
 CsH Sum:  459 1500     66.9 1900 
F3 Detritus 0 to 8  128   215     31.9   119 
  8 to 16  182   281     10.6   222 
 Sediment 16 to 19  467 1980       7.91 1320 
  19 to 22    61.0   218       9.59     73.5 
  22 to 25      2.20     84.0       1.44       9.36 
  25 to 28      1.07     27.3       1.32       0.944 
  28 to 31      9.08     49.3     12.6     10.6 
 CsH Sum:  850 2860     75.4 1760 
F4 Detritus 0 to 8     31.1     22.3 1024   113 
  8 to 16   104     48.2 1061   360 
 Sediment 16 to 19 1270   433 4070 2960 
  19 to 22     28.0     11.3   134     72.6 
  22 to 25       1.99       3.35       8.22       4.38 
  25 to 28       1.71       2.94       6.48       2.16 
  28 to 31       3.06       3.42     19.5       3.53 
 CsH Sum: 1440   525 6320 3520 
F5 Detritus 0 to 8   756     <0.010   604   290 
  8 to 16   381     <0.010 1279   114 
 Sediment 16 to 19     74.2   171   137       6.30 
  19 to 22       5.23       1.17       8.68       1.23 
  22 to 25       5.23       1.83       7.73       1.53 
  25 to 28       5.07       0.26       4.41       1.32 
  28 to 31       4.66     <0.010       4.05       1.33 





Table 10. Metal concentrations (Cs, Equation 1) in samples analyzed and sums 






Ni Zn Cu Cd 
F1 Detritus 0 to 10       2.58       2.57       1.67       2.49 
  10 to 20       3.78       0.41       0.991       0.399 
 Sediment 20 to 23       4.56     10.7       0.989       1.27 
  23 to 26       3.03       3.71       0.823       2.99 
  26 to 29       0.891     <0.010       0.687       0.042 
  29 to 32       1.23       0.483       0.672       0.235 
  32 to 35       2.51       5.49       0.925       1.739 
 CsH Sum:     18.6     23.3       6.75       9.16 
F2 Detritus 0 to 10     26.6     92.0       5.98     84.2 
  10 to 20     90.1   176       1.67     63.7 
 Sediment 20 to 23       8.96     27.8       1.00     20.1 
  23 to 26       1.23       1.95       0.649       0.699 
  26 to 29       0.367       0.482       0.375       0.149 
  29 to 32       0.610       1.47       0.177       0.189 
  32 to 35       0.387       1.06       0.378       0.198 
 CsH Sum:   128   301     10.2   169 
F3 Detritus 0 to 10     70.5   285       9.56   171 
  10 to 20   278 1300       2.66   831 
 Sediment 20 to 23     31.3     52.8     12.9     32.5 
  23 to 26       3.06       8.75       2.38       0.932 
  26 to 29       1.11       4.42       1.53       0.364 
  29 to 32       1.04       5.07       2.17       0.463 
  32 to 35       0.975       5.18       1.85       0.429 
 CsH Sum:   386 1660 33.1 1040 
F4 Detritus 0 to 10     41.5     33.4   279   188 
  10 to 20   394   226   171 1460 
 Sediment 20 to 23     11.3       3.04     15.5       3.98 
  23 to 26       2.02       2.72       4.75       2.30 
  26 to 29       1.86       2.67       4.70       2.04 
  29 to 32       1.77       2.89       4.55       2.33 
  32 to 35       1.69       2.65       3.99       2.51 
 CsH Sum:   454   274   483 1660 
F5 Detritus 0 to 10   145     <0.010     47.6   290 
  10 to 20     90.4     63.8     40.7   114 
 Sediment 20 to 23       4.56       1.85       2.04       6.30 
  23 to 26       3.23       0.52       1.22       1.23 
  26 to 29       3.30     <0.010       1.01       1.53 
  29 to 32       4.95       4.49       3.17       1.32 
  32 to 35       7.13       5.75       1.48       1.33 
 CsH Sum:   310     76.4   259     97.2 
 
 99 
Table 11. Metal concentration and pH in sediment pore water of treatment cells 
  
Depth    
  (cm) 
Concentration (mg/L)  
Ni Zn Cu Cd pH 
Cell 1 16 to 19 0.113 0.106 0.075 0.069 7.39 
 19 to 22 0.188 0.114 0.435 0.026 * 
 22 to 25 0.640 0.655   1.15 0.085 * 
 25 to 28 0.198 0.208 0.499 0.020 * 
 28 to 31 0.221   1.14 0.493 0.043 * 
Cell 2 26 to 29 0.111 0.128 0.074 0.113 7.60 
 29 to 32 0.113 0.145 0.081 0.352 * 
 32 to 35 0.170 0.146 0.364 0.040 * 
 35 to 38 0.301 0.311 0.746 0.047 * 
 38 to 41 0.088 0.058 0.175 0.012 * 
Cell 3 20 to 23 0.114 0.115 0.070 0.806 7.51 
 23 to 26 0.165 0.109 0.359 0.037 * 
 26 to 29 0.123 0.114 0.262 0.009 * 
 29 to 32 0.332 0.226 0.704 0.040 * 
 32 to 35 * * * * * 
Cell 4 24 to 27 0.556 0.275 0.874 0.112 7.20 
 27 to 30 0.558 0.494 0.858 0.113 * 
 30 to 33 0.122 0.120 0.262 0.023 * 
 33 to 36 * * * * * 
 36 to 39 * * * * * 





Table 12. Concentration of Ni, Zn, Cu, and Cd in soluble fraction 
determined by 1:5 hydrosoil water dilution 
 Depth (cm) 
Concentration (mg/kg) 
Ni Zn Cu Cd 
Cell 1      
     Detritus 0 to 8   6.10 0.925   3.67 14.8 
 8 to 16 0.988 0.567   1.04   3.91 
     Sediment 16 to 19 0.847 0.681 0.826   1.23 
 19 to 22 0.330 0.409 0.449   1.27 
 22 to 25 <0.300 0.323 0.381 0.350 
 25 to 28 <0.300 0.320 0.375 <0.300 
 28 to 31   0.339 0.305 0.369 0.369 
Cell 2      
     Detritus 0 to 13 0.859   1.78   1.89  16.8 
 13 to 26 0.916   1.67   1.42 10.2 
     Sediment 26 to 29   1.03   1.38   1.35   6.78 
 29 to 32 0.896 0.757 0.800   8.59 
 32 to 35 0.305 0.323 0.330 0.915 
 35 to 38 <0.300 <0.300 0.326 <0.300 
 38 to 41 <0.300 0.299 <0.300 <0.300 
Cell 3      
     Detritus 0 to 10 1.59   1.96   1.99   1.42 
 10 to 20 1.19   3.80   1.35   8.74 
     Sediment 20 to 23 0.321 0.490 <0.300 15.2 
 23 to 26 <0.300 0.309 0.355   1.53 
 26 to 29 <0.300 0.309 <0.300 <0.300 
 29 to 32 <0.300 0.322 <0.300 <0.300 
 32 to 35 <0.300 0.325 <0.300 <0.300 
Cell 4      
     Detritus 0 to 12 0.807 0.810 0.851 0.716 
 12 to 24 0.763   1.07 0.848   3.39 
     Sediment 24 to 27 0.379 0.344 <0.300   2.83 
 27 to 30 0.309 0.327 <0.300 0.877 
 30 to 33 0.313 0.325 <0.300 <0.300 
 33 to 36 <0.300 0.324 <0.300 <0.300 







       Table 13. Evidence of transfer and transformation processes for metals in wetland cells of the pilot-scale CWTS 
Process Indirect Evidence  Direct Evidence  
Transfer Process   
Sorption (metals adsorbed or 
absorbed to abiotic or 
biotic exchange sites 




High OM (30-85%) in detritus of all cells 
o Availability and generation of surfaces each year from wetland 
plant (S. californicus and T. angustifolia) litter 
o Large mass of roots and shoots (16 to 26 cm thick), corresponding 
to 35-46% of depth of hydrosoil 
Redox potential (-209 to -113 mV) and pH (5.69-6.86) in detritus 
within ranges favorable for sorption 
Sorption and complexation with organic 
matter are indicated by the 
significant correlation (R = -0.62 to 
-0.69; p < 0.001) of Cd, Cu, Ni, and 
Zn concentrations (microwave 
digestion and ICP-AES) with OM 
and by both metal concentrations 
and OM decreasing with depth in 
each cell 
Precipitation, settling, and 
sedimentation in the form 
of metal sulfides, metal 
oxides, and metal 
carbonates 
Redox potential (-249 to -34mV), pH (5.01-7.41), and OM (0.645-
85.0%) within the ranges favorable for precipitation of metal 
sulfides 
Based on SEP analysis, metals associated with carbonate and Fe-Mn 
oxide fractions (8-15% and 22-42%, respectively) 
Scanning EM-EDS identified metal 




Bioconcentration Minimal metal bioavailability: Approximately 1% of all metals 
associated with exchangeable fraction
c
 
Small Cd, Cu, Ni, and Zn concentrations measured in pore water  
(≤ 1.15 mg/L each) 
Wetland plants not analyzed 
Transformation Process   
Hydrolysis and oxidation 
 (e.g. iron) 
Rhizosphere aeration in all 4 cells 
o High percent (approximately 35%) of metals associated with the 
Fe-Mn oxide (hydroxide) fraction in upper 6 cm of sediment in 
cells 1 and 3  
o Highest redox potential occurred in upper 6 cm of sediment (-145 
to -34 mV) 
Fe-Mn oxide (includes hydroxides) 
fraction measured in hydrosoil of 




Reducing hydrosoil conditions (-249 to -34 mV) 
High OM 
o OM greatest in detritus (30-85%); decreasing gradually downward  
to 0.65 to 3% at 15 cm below top of sediment 
Greatest AVS concentration measured 
in detritus (36-160 µmole/g) 
High AVS concentration measured in 
sediment of cells 1 and 2 (5.9-100 
µmole/g) 
a. Table 8 
b. Tables 9 and 10 
Note: Transfer process of volatilization is unlikely to occur because heavy metals (i.e. Cd, Cu, Ni, and Zn) do not volatilize under ambient conditions (Ho 
et al., 1993; Stigliani and Jaffe, 1993).  Other transformation processes include speciation and ionization, photolysis, and biotransformation and 
biodegradation. Refer to oxidation and reduction for speciation and ionization.  Metals do not decompose from light absorption in CWTSs, but photolysis 
can remove contaminants such as low molecular weight organics (Lyman, 1995; Rodgers and Castle, 2008). Metals are non-biodegradable (Sandrin and 









SUMMARY AND CONCLUSION 
 When present at sufficient concentrations, metals such as Cd, Cu, Ni, and Zn can 
cause adverse effects on biota in receiving aquatic systems due to their mobilities and 
solubilities (Mulligan et al., 2001; Peng et al., 2009).  A constructed wetland treatment 
system (CWTS) can be a cost-effective approach to treat metals present in impaired 
waters when they are designed to support specific hydrosoil conditions that can promote 
metal transfers and transformations (Rodgers and Castle, 2008).  These transfer and 
transformation processes are related to metal fractionation and mobility, which are 
influenced by key hydrosoil conditions and parameters.  Characterization of hydrosoil 
conditions with depth provides information useful for designing CWTSs to achieve the 
preferred treatment processes involving metal transfer (i.e. sorption) and transformation 
(i.e. metal complexation with AVS).  Chemical and mineralogical analyses can help 
identify biogeochemical processes of metal removal and metal mobility in CWTSs.   
 The objective of this research was to provide a vertical characterization of a pilot-
scale CWTS designed to treat metals in impaired waters.  The research addressed 
questions regarding favorable conditions and characteristics for sequestering metals and 
the distribution of metal fractions.  Two major objectives were to: 
1. Determine vertical characterization of hydrosoil for treatment of metals in a 
pilot-scale constructed wetland treatment system. 
2. Identify biogeochemical treatment processes and metal mobility in pilot-scale 




1. Determine vertical characterization of hydrosoil for treatment of metals 
This research utilized a free water surface pilot-scale CWTS designed for 
treatment of metals to measure the vertical distribution of hydrosoil conditions and 
extractable metal concentrations.  Literature values of hydrosoil conditions and AVS 
concentration were utilized to determine favorable ranges for the metal-immobilizing 
biogeochemical processes of sorption, precipitation of metal-carbonate minerals, and 
metal complexation with AVS.  The objectives of this study were to (1) measure vertical 
distribution of hydrosoil conditions and extractable metal concentrations in pilot-scale 
wetland treatment cells; and (2) identify biogeochemical processes promoted in these 
cells for treating metals based on the conditions measured. 
Measured values of redox potential, pH, organic matter content, sulfate 
concentration, and AVS concentration in CWTS cells were in ranges favorable to 
promote sorption and complexation of Cd, Cu, Ni, and Zn with AVS.  Reducing 
conditions and acidic to circumneutral pH in the detritus and sediment are interpreted to 
have resulted from organic matter degradation, nutrient uptake by roots, and microbial 
processes.  Hydrosoil amendments (hay and gypsum) to cells 1 and 2 promoted metal 
complexation with AVS in the sediment, which resulted in greater mean AVS and ∑SEM 
concentrations in sediment of cells 1 and 2 (planted with Schoenoplectus californicus) 
compared to cells 3 and 4 (planted with Typha angustifolia).  T-tests indicate that cells 
planted with S. californicus and those planted with T. angustifolia were equally effective 
in promoting all conditions in the detritus favorable for sorption of metals and 




2. Identify biogeochemical treatment processes and metal mobility  
This research utilized a free water surface pilot-scale CWTS designed for 
treatment of metals, in conjunction with chemical and mineralogical analyses, to measure 
the occurrence of Cd, Cu, Ni, and Zn in hydrosoil.  Chemical and mineralogical analyses 
were performed on organic detritus and sediment in each pilot-scale wetland cell.  The 
objectives of this study were to: (1) measure the vertical distribution of geochemical 
conditions and Cd, Cu, Ni, and Zn concentrations in hydrosoil of pilot-scale wetland 
cells; and (2) measure metal fractions in the hydrosoil to identify biogeochemical 
treatment processes and metal mobility.   
 CWTSs are designed to promote specific biogeochemical pathways, e.g. sorption 
and precipitation, by which targeted constituents can be transferred or transformed.  
Metal concentrations in hydrosoil determined by microwave digestion and ICP-AES 
decreased with depth from the detritus to 15 cm below the top of the sediment.  The 
significant correlation of Cd, Cu, Ni, and Zn concentrations determined by microwave 
digestion and ICP-AES with OM indicates that metal accumulation was strongly 
controlled by OM.  The occurrence of metals bound to sulfides confirmed by chemical 
extractions (SEP and AVS-SEM) and by mineralogical analysis (scanning EM-EDS) 
indicates precipitation of sulfide minerals.  Cd, Cu, Ni, and Zn associated with the Fe-Mn 
oxide fraction indicate oxidation and hydrolysis (i.e. speciation and ionization).  
Reducing conditions, high OM, high AVS concentration, and Fe and S co-occurrence in 
the same particles identified by scanning EM-EDS in the hydrosoil of cells 1, 2, and 3 




suggest that wetlands should be designed with careful consideration of potential 
mobilization of bound metals (i.e. transfer and transformation processes) with changes in 
hydrosoil conditions (i.e. redox potential and pH). 
Summary  
Treatment processes contribute to the observed performance in a CWTS and are 
necessary to understand to optimize CWTS design and effectiveness.  This research 
provided vertical (depth) characterizations of pilot-scale constructed wetland treatment 
cells, assessing their stability regarding metal mobility and biogeochemical treatment 
processes.  The vertical distribution of measured hydrosoil conditions and metal fractions 
investigated in this study provides information on treatment processes for sequestering 
metals and the effect of wetland plants, microbes, and amendments in the detritus and 
sediment of each cell.  This research provided a framework for evaluating a CWTS to 
improve understanding of the capability and versatility of wetland cells to renovate water 
containing Cd, Cu, Ni, and Zn.   
References 
Mulligan, C. N., Young, R. N., & Gibbs, B. F. (2001). Remediation technologies for 
metal-contaminated soils and groundwater: An evaluation. Engineering Geology, 
60, 193-207.  
 
Peng, J., Song, Y., Yuan, P., Cui, X., & Qiu, G. (2009). The remediation of heavy metals 
contaminated sediment. Journal of Hazardous Materials, 161, 633-640.  
 
Rodgers, J. H., & Castle, J. W. (2008). Constructed wetland systems for efficient and 
effective treatment of contaminated waters for reuse. Environmental Geosciences, 































Standard Operating Procedures for Water and Hydrosoil Condition Analyses 
 
The standard operating procedures used to measure surface water, pore water, and 
hydrosoil conditions in detritus samples and sediment cores extracted from the pilot-scale 
constructed wetland treatment system treating metals in impaired water are listed below 
and found on the pages indicated. 
 
 
Collecting Detritus Samples and Sediment Cores………………………….…………..108 
Oxidation-Reduction Potential in Surface Water and Hydrosoil……………………....110 
Organic Matter Content and Carbonate Content ………………………………………113 








METHOD FOR EXTRACTING DETRITUS SAMPLES AND SEDIMENT CORES 
FROM A CONSTRUCTED WETLAND TREATMENT SYSTEM (CWTS) FOR 




1.0 OBJECTIVE  
 
The objective of this standard operating procedure (SOP) is to clearly outline and define 
the requirements of sample collection and sectioning of the detritus and sediment.  
 
2.0 HEALTH AND SAFTEY  
 
Proper personnel protective equipment will be worn at all times.  
 
3.0 PERSONNEL/TRAINING/RESPONSIBILITIES  
 
Any graduate research assistant familiar with the equipment and laboratory techniques 
and trained in this and referenced SOPs may perform this procedure.  
 
4.0 REQUIRED AND RECOMMENDED MATERIALS  
 
4.1 Supplies   
One-liter plastic bags 
1.91-cm chlorinated polyvinyl chloride (CPVC) pipe  
2.54-cm CPVC pipe 
50-mL polypropylene centrifuge tubes 
15-mL polypropylene centrifuge tubes 
Caps for 1.91-cm chlorinated polyvinyl chloride (CPVC) pipe  
 
4.2 Equipment 
Anaerobic chamber (98% N2(g)/2% H2(g) atmosphere) 
Core sectioning tool 
 
5.0 PROCEDURE  
 
5.1 Detritus Samples 
Collect two samples of detritus from the surface water-detritus interface down to the 
detritus-sediment interface.  Scoop each detritus sample (approximately 500 cm
3
) into a 
one-liter plastic bag, seal underwater, double bag, and freeze immediately.   
 






Sharpen one end of a 2.54-cm CPVC pipe.  After the detritus samples were collected, 
insert sharpened pipe with the aid of a mallet into the detritus-sediment surface to a depth 
of at least 15 cm.  Insert 1.91-cm CPVC pipe into the 2.54-cm CPVC pipe while still in 
sediment.  Create a vacuum by pulling the 1.91-cm CPVC pipe upwards.  Immediately 
cap, tape, and freeze the 1.91-cm CPVC pipe. 
 
5.2.2 Sectioning 
Construct a sediment core sectioning tool by cutting a 2.54-cm x 30-cm CPVC pipe into 
2 long halves.  Screw each half to a 30-cm long wood piece and hinge the wood together.  
Sharpen and adhere at least 6 washers in 3-cm increments onto one half of the CPVC 
pipe.  Mark where the first washer meets the half of PVC pipe without washers.  In an 
anaerobic chamber, let sediment core thaw in the 1.91-cm CPVC pipe until it can be 
pushed out of the pipe.  Push sediment core onto the CPVC pipe with no washers, lining 
the top of the sediment with the mark. Section each frozen core into five 3-cm sediment 
intervals in an anaerobic chamber by closing the constructed sectioning tool.  Collect 
surface water samples from each core pipe and place into 50-mL centrifuge tubes.  
Pipette pore water from between each set of washers into 15-mL centrifuge tubes.  
Subsample each detritus and sediment sample and test for hydrosoil conditions and metal 
analyses. 
 
Note: Homogenize samples from the inflow and outflow intervals of a cell to obtain a 
composite sample for later measurement of pH, organic matter content, carbonate 
content, sulfate concentration, AVS concentration, SEM concentration, metal 
concentrations in the hydrosoil and pore water, scanning electron microscopy and energy 
dispersion spectroscopy, and metal concentration associated with the soluble, 
exchangeable, carbonate, Fe-Mn oxide, organic-sulfide, and residual fractions.  
 
6.0 QUALITY CONTROL CHECKS AND ACCEPTANCE CRITERIA  
 





METHOD FOR MEASURING OXIDATION-REDUCTION POTENTIAL OF 
SURFACE WATER AND HYDROSOIL IN A CONSTRUCTED WETLAND 
TREATMENT SYSTEM 
 
Kristen N. Jurinko, Sarah E. Sundberg, Derek Eggert, J. Chris Arrington, John H. 
Rodgers, Jr. 
 
1.0   OBJECTIVE 
 
Oxidation and reduction (redox) reactions mediate the behavior of many chemical 
constituents in wastewaters. The reactivities and mobilities of important elements in 
biological systems, as well as those of a number of other metallic elements, depend 
strongly on redox conditions. Like pH, Eh (redox) represents an intensity factor; it does 
not characterize the capacity of the system for oxidation or reduction.  Measurements are 
made by potentiometric determination of electron activity (or intensity) with an inert 
indicator electrode and a suitable reference electrode. Electrodes made of platinum are 
most commonly used for Eh measurements. This protocol describes the method used to 
measure redox in the surface water and hydrosoil of a constructed wetland treatment 
system. 
 
2.0   HEALTH AND SAFETY 
 
Proper lab attire, including scrubs, lab coat, gloves and safety glasses must be worn at all 
times. 
 
3.0   PERSONNEL/TRAINING/RESPONSIBILITIES 
 
Any graduate research assistant familiar with the equipment and laboratory techniques 
and trained in this and referenced SOPs may perform this procedure. 
 
4.0   REQUIRED AND RECOMMENDED MATERIALS 
 
4.1 Supplies 
Potassium ferrocyanide, K4Fe(CN)6•3H2O 
Potassium ferricyanide, K3Fe(CN)6 
Potassium chloride, KCl 
 
4.2 Equipment 
pH or millivolt meter 
Reference electrode 







1.0  PROCEDURE 
 
Prepare ZoBell’s standard redox solution by adding 1.4080 g potassium ferrocyanide, 
1.0975 g potassium ferricyanide, and 7.4555 g potassium chloride to 1000 mL of 
deionized water at 25
o
C. These measurements must be as accurate as possible to result in 
a reliable solution. When stored in dark plastic bottles in a refrigerator, this solution is 
stable for several months. 
Follow the manufacturer’s instructions for using the pH/millivolt meter and in preparing 
electrodes for use. Immerse the reference electrode connected to the millivolt meter and 
the redox indicator electrode (platinum tip end) in the gently stirred, standard solution in 
a beaker. Connect the millivolt meter to the end of the indicator electrode opposite the 
platinum tip. Allow several minutes for electrode equilibration then record the reading to 
the nearest millivolt. If the reading is within ±10 mV from the theoretical redox standard 
value at 25
o
C (+183 mV), record the reading. The indictor electrode is ready for 
placement in the hydrosoil. If the reading is not within ±10 mV, the indicator electrode 
must be re-made. Place the indicator electrode’s platinum tip into the surface water or a 
specific hydrosoil depth making certain it is not near the plant roots. Allow the electrode 
to equilibrate for 24 hours prior to taking any readings. Connect the millivolt reader to the 
end of the indicator electrode opposite the platinum tip. Record the redox potential in 
mV. Repeat a second time by placing the reference electrode in another location in the 
hydrosoil. Successive readings that vary less than ±10 mV over 10 minutes are adequate 
for most purposes. Adjust the reading according to field corrections and electrode 
calibration corrections.   
 
Example: The field redox measurement of a hydrosoil was -206 mV. When the electrode 
was initially calibrated in the lab, the redox reading was +193 mV, which is +10 mV 
difference from the theoretical redox standard value of +183 mV. The field redox 
measurement must be corrected for this difference by subtracting 10 mV from -206 mV. 
This gives a redox measurement of -216 mV. The standard correction factor for field 
redox measurements for the millivolt reader is +240 mV. Therefore, this correction factor 
is added to the redox measurement of -216 mV to yield a final redox measurement of +24 
mV. 
 
Eh system   = Eh observed + Eh reference standard – Eh reference observed + Eh field correction 
 
Eh system   =  -206 mV  +     183 mV       –        193 mV       +     240 mV 
 
6.0   QUALITY CONTROL CHECKS AND ACCEPTANCE CRITERIA 
 
All procedures are subject to review by the Quality Assurance Unit. 
 




Faulkner, S.P., Patrick, Jr., R.P., & Gambrell, W.H. (1989). Field techniques for 
measuring wetland soil parameters. Soil Science Society of America Journal, 53, 
883-890. 
ZoBell, C.E. (1946). Studies on redox potential of marine sediments. Bulletin of the 




METHOD FOR MEASURING ORGANIC MATTER CONTENT AND 
CARBONATE CONTENT IN HYDROSOIL BY LOSS-ON IGNITION METHOD 
 




Organic matter serves as sorption binding site for metals and an energy source for 
dissimilatory sulfate reducing bacteria, which form AVS that complexes with metals in 
CWTSs.  The divalent metals examined in this work can form insoluble carbonate 
minerals.  Thus carbonate content in the hydrosoil may indicate precipitation of metal-
carbonate minerals.  Organic matter content and carbonate content can influence 
hydrosoil properties such as redox potential and pH of the hydrosoil, and contribute to 
metal mobility.  The Loss-On-Ignition method described is based on Heiri et al. (2001), 
which provides a reasonable estimate of the organic matter content and carbonate content 
in hydrosoil. 
 
2.0 HEALTH AND SAFETY 
 





Any graduate research assistant familiar with the equipment and laboratory techniques 
and trained in this and referenced SOPs may perform this procedure. 
 




Porcelain crucibles (20 mL) 
 
4.2 Equipment 
Muffle furnace capable of ± 5
o
C temperature control 
Analytical balance capable of weighing ± 0.1 mg 




1. Weigh empty crucible. 
2. Add 1-3 g of wet hydrosoil to crucible.  Dry hydrosoil at 105oC in a drying oven for 





3. Ignite samples in a muffle furnace at 550oC for 4 hrs.  Cool crucibles and weigh with 
ignited sample to 0.1 mg. 
4. To measure carbonate content, ignite samples and crucibles again in a muffle furnace 
at 950
o
C for 2 hr.  Cool crucibles and weigh with ignited sample to 0.1mg. 
 
Calculations: The organic matter content is assumed to equal the LOI in most cases. 
 
LOI550 = ((DW105–DW550)/DW105)*100 
 
LOI950 = ((DW550–DW950)/DW105)*100 
 
where 
LOI550 = the LOI at 550
o
C (as a percentage) 
LOI950 = LOI at 950
o
C (as a percentage) 
DW105 = dry weight of the sample before organic matter combustion (g) 
DW550 = dry weight of the sample after organic matter combustion at 550
o
C (g) 




 6.0 QUALITY CONTROL CHECKS AND ACCEPTANCE CRITERIA 
 




Heiri, O., Lotter, A. F., & Lemcke, G. (2001). Loss on ignition as a method for estimating 
organic and carbonate content in sediments: Reproducibility and comparability of 





METHOD FOR MEASURING pH IN HYDROSOIL AND SULFATE 
CONCENTRATION IN WATER AND HYDROSOIL 
 




pH is an important controlling factor for transfer and transformation processes in 
CWTSs.  For example, it affects speciation and mobility for metals such as Cd, Cu, Ni, 
and Zn (Brookins, 1988; Chague-Goff, 2005).  The hydrosoil pH method described 
below is based on Singh et al. (1998) and Jain (2004).  Sulfate concentration in the 
surface water and hydrosoil is a controlling factor for sulfate reduction and metal 
bioavailability.  With a continual supply of sulfate there is a potential for microbes to 
precipitate sulfides, which have a high affinity for divalent metals. 
 
2.0 HEALTH AND SAFETY 
 





Any graduate research assistant familiar with the equipment and laboratory techniques 
and trained in this and referenced SOPs may perform this procedure. 
 
4.0 REQUIRED AND RECOMMENDED MATERIALS 
 
4.1 Supplies 
De-aerated deionized water 
50-mL polypropylene centrifuge tubes 
Pipettes 
15-mL polypropylene centrifuge tubes 
 
4.2 Equipment 
Anaerobic chamber (98% N2(g)/2% H2(g) atmosphere) 
Electronic pH meter 




Ion chromatography system-2100 (ICS-2100; DIONEX)  
IonPac
®










Note: All steps were performed in an anaerobic chamber to maintain chemical conditions. 
 
5.1 Calibration 
Prior to taking hydrosoil pH reading, calibrate the pH meter by inserting the glass 
electrode into a buffer solution of pH 7.0. Adjust the pH meter to read pH 7.0.  Rinse the 
electrode with distilled water and then place it into a buffer solution of pH 4.0.  The 
meter should read pH 4.0. Rinse the electrode with deionized water. 
 
5.2 Sample Preparation and pH Measurement 
 
5.2.1 Hydrosoil 
Weigh 2 g of dried detritus and sediments in separate clean 50-mL centrifuge tubes.  Add 
10 mL de-aerated deionized water and mix with an Orbit Shaker for at least 12 hr (Singh 
et al., 1998).  Once the pH meter has been calibrated, place the glass electrode into the 
soil suspension.  Read the pH measurement. Remove the electrode from the soil 
suspension, rinse with deionized water, and place it in the buffer solution of pH 7.0. 
 
5.2.2 Surface and Pore Water 
Once the pH meter has been calibrated, place the glass electrode into the aqueous sample.  
Read the pH measurement. Remove the electrode from the sample, rinse with deionized 
water, and place it in the buffer solution of pH 7.0. 
 
Note: The glass electrode requires a hydrated layer on the outer glass wall to accurately 
measure the hydrogen ion activity. To prevent the impairment of the electrode, it is 
important not to allow the electrode to dry out. The glass electrode should be stored in a 
buffer solution of pH 7.0. 
 
5.3 Sulfate Concentration  
The instrument manual for the ICS-2100 contains procedures for calibration and analysis 
of samples and the SOP for IC: ICS-2100, written by Meric Selbes (unpublished, 2010) 
contains step by step instructions of ICS-2100 use including safety precautions, 
procedure for analysis, and standards preparation. 
 
5.3.1 Hydrosoil 
Perform a 1:10 dilution on the already 1:5 diluted sample to achieve a 1:50 dilution in a 
0.5 mL vial.  Analyze for sulfate concentration using ion chromatography (ICS-2100; 
DIONEX) and an IonPac
®
 AS9-HC (DIONEX). 
 




Perform a 1:10 dilution of the water sample in a 0.5 mL vial.  Analyze for sulfate 





Note: The dilution decreased sulfate concentration in samples to within the range (0 to 
1000 ppb) of standards prepared by Meric Selbes.  Sulfate concentration in the hydrosoil 
supernatant was determined due to a limited amount of pore water recovered. 
 
6.0 QUALITY CONTROL CHECKS AND ACCEPTANCE CRITERIA 
 




Brookins, D.G. (1988). Eh-pH Diagrams for Geochemistry. Springer, Berlin., 176. 
 
Chague-Goff, C. (2005). Assessing the removal efficiency of Zn, Cu, Fe, and Pb in a 
treatment wetland using selective sequential extraction: A case study. Water, Air, 
and Soil Pollution, 160, 161-179.  
 
Jain, C. K. (2004). Metal fractionation study on bed sediments of river Yamuna, India. 
Water Resources Research, 38, 569-578. 
 
Selbes, M. (2010). SOP for IC: ICS-2100. Unpublished. 
 
Singh, S. P., Tack, F. M., & Verloo, M. G. (1998). Heavy metal fractionation and 
extractability in dredged sediment derived surface soils. Water, Air, and Soil 








Standard Operating Procedures for Water and Hydrosoil Metal Analyses 
 
The standard operating procedures used to analyze metal concentration and mobility in 
detritus samples and sediment cores extracted from the pilot-scale constructed wetland 
treatment system treating metals in impaired water are listed below and found on the 
pages indicated. 
 
Metal Concentration in Hydrosoil………………………...……………………………119 
Acid-Volatile Sulfide and Simultaneously Extracted Metal Concentration…………...121 
Metal Concentration Associated with the Soluble Fraction……………………………124 
Sequential Extraction Procedure……………………………………………………….126 
Metal Concentration in Pore Water…………………………………………………….131 
Scanning Electron Microscopy and Elemental Dispersion Spectroscopy for Metal 
Sulfides…………………………………………………………………………………133 





METHOD FOR MEASURING METAL CONCENTRATION IN HYDROSOIL 
 




Metal concentration in the hydrosoil provides a distribution of total metals sequestered in 
the hydrosoil.  Hydrosoil was digested following procedures of CEM (1991; Microwave 
sample preparation note: OS-14).   
 
2.0 HEALTH AND SAFETY 
 





Any graduate research assistant familiar with the equipment and laboratory techniques 
and trained in this and referenced SOPs may perform this procedure. 
 




50-mL polypropylene centrifuge tubes 




CEM Microwave Sample Preparation System (includes turntable, pressure sensing line) 





HNO3, trace metal grade concentrated (67%) nitric acid 
HF, trace metal grade concentrated (48%) hydrofluoric acid 
HCl, trace metal grade concentrated (37%) hydrochloric acid 










5.2 Sample Preparation 
Remove organic matter from sample using the Loss-On-Ignition method described in the 
SOP for the measurement of hydrosoil organic matter content (page 7).   
 
5.3 Microwave Digestion 
Weigh 0.5 g of 12 samples into a control vessel and 11 sample vessels.  The control 
vessel should contain the sample with the greatest organic matter content.  Add 10 mL of 
deionized water, 5 mL of HNO3, 4 mL of HF, and 1 mL of HCl to each vessel.  Seal all 
vessels except the one to be used for pressure control. Seal the control vessel with a 
modified cap assembly.  Place all vessels into the turntable.  Connect the vent tubes from 
all vessels to the collection vessel (collects sample if it explodes).  Place the turntable into 
the system.  Connect the pressure sensing line attached to the microwave system to the 
control vessel.  Digest samples for 20 min at 170
o
C.  Cool samples for a minimum of 5 
min.  Remove all vessels from system and add approximately 2 g of H3BO3 crystals.  Mix 
samples well to dissolve the boric acid crystals.  Transfer the solution to a 50-mL 
centrifuge tube.  
 
 5.4 Metal Concentration 
Samples were pipetted into a 15-mL centrifuge tube and diluted to 2% HNO3 
concentration by volumetric addition of deionized water.  Measure concentrations of Cd, 
Cu, Ni, and Zn in hydrosoil using an inductively coupled plasma atomic emission 
spectrometer (Optima 3100RL, Perkin Elmer) according to EPA method 200.7 (USEPA, 
1994).  Instrumentation manual and EPA Method 200.7 (USEPA, 1994) should be 
reviewed. 
 
6.0 QUALITY CONTROL CHECKS AND ACCEPTANCE CRITERIA 
 




CEM Corporation. (1991). Microwave Sample Preparation Note: OS-14, Applications 
and Manual. CEM Corporation, Matthews, NC. 
 
United States Environmental Protection Agency (USEPA). (1994). Method 200.7: 
Determination of metals and trace elements in water and wastes by inductively 
coupled plasma-atomic emission spectrometry, revision 4.4 EMMC Version. 




METHOD FOR DETERMINATION OF ACID-VOLATILE SULFIDES AND 
SIMULTANEOUSLY EXTRACTABLE METALS IN HYDROSOIL 
 




Concentrations of AVS and SEM in the hydrosoil were measured by the modified 
diffusion method (Leonard et al., 1996).  AVS is operationally defined by Leonard et al. 
(1996) as sediment sulfide that is liberated by treatment of the sediment with 1-N 
hydrochloric acid.  AVS is a measure of reactive sulfide, which includes primarily free 
sulfides, amorphous iron monosulfide (FeS), and sulfides of other divalent metals (e.g. 
Cd, Cu, Ni, and Zn; Di Toro et al., 1992; Yu et al., 2001).  Reactive metals liberated 
during AVS extraction are operationally defined as SEM (Di Toro et al., 1992; Allen et 
al., 1993; Leonard et al., 1996; Ankley et al., 1996; Yu et al., 2001).   
 
3.0 HEALTH AND SAFETY 
 





Any graduate research assistant familiar with the equipment and laboratory techniques 
and trained in this and referenced SOPs may perform this procedure. 
 
5.0 REQUIRED AND RECOMMENDED MATERIALS 
 
5.1 Supplies 
50-mL polypropylene centrifuge tubes 
45-µm Millipore membrane filter 




Anaerobic chamber (98% N2(g)/2% H2(g) atmosphere) 
Magnetic stir bar 
Magnetic stir plate 









Sulfide Antioxidant Buffer (SAOB): 
 2 M NaOH to convert H2S into S
2- 
0.1 M ascorbic acid to prevent oxidation of S2- 
0.1 M EDTA to complex metals that may have catalyzed the oxidation of S2- 
 
1.0 M Sulfide stock solution: 
Prepare using freshly washed sodium sulfide crystals to remove oxidized sulfide 
products & store at 4
o
C 










5.1 MAKING STANDARDS 
 
5.1.1 SAOB  
To make 500 mL, add 100 mL of deionized water to a 500 mL glass bottle.  Next, add 40 
g NaOH pellets and stir until NaOH completely dissolves to form a white liquid.  Add 
14.612g EDTA and 8.8g ascorbic acid.  Make to volume and cover to prevent oxidation.  
Store at 4
o
C.  Use before solution turns dark brown. 
 
5.1.2 Stock Standard  
Set up vacuum filtration.  Weigh and crush 2.4018 g NaS crystals with mortar and pestol 
under fume hood.  Rinse crystals with deionized water and vacuum filter water.  Quickly 
add NaS to 50 mL SAOB in a 100 mL volumetric flask and fill to volume with deionized 





5.1.3 Standards & Calibration Curve  
The stock solution prepared above is the 10
-1
 M standard. To make 10
-2
 M, mix 25 mL 
SAOB with 5 mL stock solution and fill to volume with deionized water in a 50-mL 




 standards.  
 
Clean and fill both the inner and outer filling solution of the reference probe.  Place both 
the sulfide probe and the reference probe in the standard poured into a small beaker.  
Wait until the ISE reaches equilibrium; record mV readings to make a calibration curve. 
 
5.2 Sample Preparation & Acidification 
Add 50 mL of 1-N de-aerated trace metal grade (37%) HCl and magnetic stir bar to 500 






Weigh and cap 5 g of wet hydrosoil in a 50-mL centrifuge tube in an anaerobic chamber.  
Quickly, place sample in bottom of the 500 mL glass bottle and cap.  Stir for 60 minutes 
allowing it to be briskly stirred. 
 
Pour SAOB into a small beaker for measurement of sulfide. 
 
5.3 Measurement of Sulfide 
Measure the sulfide generated and trapped in the SAOB using an ion-selective electrode.  
Rinse probes with deionized water between each measurement.   
  
5.4 Simultaneously Extracted Metals 
Vacuum-filter the HCl extract from the hydrosoil sample through a pre-cleaned 45 µm 
Millipore membrane filter into an acid cleaned 50-mL polypropylene centrifuge tube for 
metal analysis on an inductively coupled plasma atomic emission spectrometer. See the 
SOP for measurement of metals and standards using an ICP-AES (page 133). 
 
6.0 QUALITY CONTROL CHECKS 
 




Allen, H.E., Fu, G., & Deng, B. (1993). Analysis of acid-volatile sulfide (AVS) and 
simultaneously extracted metals (SEM) for the estimation of potential toxicity in 
aquatic sediments. Environmental Toxicology and Chemistry, 12, 1441–1453. 
 
Ankley, G. T., Di Toro, D. M., & Hansen, D. J. (1996). Technical basis and proposal for 
deriving sediment quality criteria for metals. Environmental Toxicology and 
Chemistry, 15, 2056-2066.  
 
Di Toro, D.M., Mahony, J.D., & Hansen, D.J. (1992). Acid volatile sulfide predicts the 
acute toxicity of cadmium and nickel in sediments. Environmental Science & 
Technology, 26, 96–101. 
 
Leonard, E. N., Ankley, G. T., & Hoke, R. A. (1996). Evaluation of metals in marine and 
freshwater surficial sediments from the environmental monitoring and assessment 
program relative to proposed sediment quality criteria for metals. Environmental 
Toxicology, 15, 2221-2232. 
 
Yu, K., Tsai, L., Chen, S., & Ho, S. (2001). Chemical binding of heavy metals in anoxic 




METHOD FOR MEASURING METAL CONCENTRATION ASSOCIATED 
WITH THE SOLUBLE FRACTION IN HYDROSOIL 
 




The soluble fraction is a readily bio-available fraction (Reddy et al., 2001; Ma and Rao, 
1997).  It can be determined by extracting hydrosoil material with deionized water at a 
certain soil-water ratio.   
 
2.0 HEALTH AND SAFETY 
 





Any graduate research assistant familiar with the equipment and laboratory techniques 
and trained in this and referenced SOPs may perform this procedure. 
 
4.0 REQUIRED AND RECOMMENDED MATERIALS 
 
4.1 Supplies 
De-aerated deionized water 
50-mL polypropylene centrifuge tubes 
Pipettes 
15-mL polypropylene centrifuge tubes 
 
4.2 Equipment 









This measurement followed the pH measurement in hydrosoil.  After the 1:5 soil to water 
mixture was created and mixed on an orbit shaker in a 50-mL centrifuge tube, in an 
anaerobic chamber pipette a sample of the now soluble fraction into a 15-mL centrifuge 
tube and acidified to a 2% HNO3 concentration by volumetric addition of trace metal 




associated with the soluble fraction using an inductively coupled plasma atomic emission 
spectrometer (Optima 3100RL, Perkin Elmer) according to EPA method 200.7 (USEPA, 
1994).  Instrumentation manual and EPA Method 200.7 (USEPA, 1994) should be 
reviewed.  See the SOP for measurement of metals and standards using an ICP-AES 
(page 133). 
 
6.0 QUALITY CONTROL CHECKS AND ACCEPTANCE CRITERIA 
 




Ma, L. Q., & Rao, G. N. (1997). Chemical fractionation of cadmium, copper, nickel, and 
zinc in contaminated soils. Journal of Environmental Quality, 26(1), 259-264. 
 
Reddy, K. R., Xu, C. Y., & Chinthamreddy, S. (2001). Assessment of electrokinetic 
removal of heavy metals from soils by sequential extraction analysis. Journal of 
Hazardous Materials, B84, 279-296. 
 
United States Environmental Protection Agency (USEPA). (1994). Method 200.7: 
Determination of metals and trace elements in water and wastes by inductively 
coupled plasma-atomic emission spectrometry, revision 4.4 EMMC Version. 





SEQUENTIAL EXTRACTION PROCEDURE FOR THE FRACTIONATION 
OF PARTICULATE TRACE METALS 
 




Sequential extraction procedures (SEPs) are chemical analyses that asses metal 
fractionation and potential mobility.  Limitations are associated with SEP due mainly to 
release and readsorption of metals into the residue after extraction and loss of material 
between extractions (e.g. Tack and Verloo, 1995; Filgueiras et al. 2002; Zimmerman and 
Weindorf, 2010).  However, it is a widely used method for interpreting metal 
concentrations in wetland hydrosoil, which are loosely bound to exchangeable sites, 
associated with carbonates, bound to Fe- and Mn-(hydr)oxides, fixed by organic matter 
and sulfides, or adsorbed onto mineral phases or even form specific minerals (e.g. 
Gambrell, 1994).  SEP provides insight into potential metal mobility and removal 
mechanisms.  The SEP was based on the classic Tessier et al. (1979) procedure, with 
some modifications, and the procedures of CEM (1991; Microwave sample preparation 
note: OS-14).  
 
2.0 HEALTH AND SAFETY 
 





Any graduate research assistant familiar with the equipment and laboratory techniques 
and trained in this and referenced SOPs may perform this procedure. 
 
4.0 REQUIRED AND RECOMMENDED MATERIALS 
 
4.1 Supplies 





Drying oven (105°C) with ±5°C temperature control 
Analytical balance capable of weighing ±0.1 mg 
Centrifuge 
End-Over-End Shaker 





Warm water bath 
Microwave Digestion 
ICP-AES 
Anaerobic chamber (98% N2(g)/2% H2(g) atmosphere) 
 
4.3 Reagents 
1 M MgCl2, enzyme grade magnesium chloride 
1 M NaOAc, ACS grade sodium acetate  
HOAc, trace metal grade concentrated (>99%) acetic acid 
25% HOAc, trace metal grade concentrated (>99%) acetic acid 
0.04 M NH2OH·HCl, ACS grade hydroxylamine hydrochloride  
0.02 M HNO3, trace metal grade concentrated (67%) nitric acid 
H2O2, ACS reagent grade (30%) hydrogen peroxide 
3.2 M NH4OAc, ACS grade ammonium acetate 
HNO3, trace metal grade concentrated (67%) nitric acid 
HF, trace metal grade concentrated (48%) hydrofluoric acid 
HCl, trace metal grade concentrated (37%) hydrochloric acid 




5.1 Sample Preparation 
Store samples in an anaerobic chamber until needed to maintain conditions similar to 
those from which the sediments were taken. 
 
Prepare subsamples by weighing approximately 1 g of wet hydrosoil and placing in a 50-
mL polypropylene centrifuge tube. 
 
*Note: All glassware should be soaked in 10% HNO3 for 24 hours and rinsed with 
deionized water prior to use for sequential extractions. 
 
5.2 Extractions 
Successive extractions are to be carried out in the same centrifuge tube in order to 
minimize the risk of contamination and losses through handling (Morera et al., 2001). 
After the addition of each reagent, centrifuge the suspension at 12,000 rpm for 15 
minutes. Remove the supernatant with a pipette and put into another 50-mL centrifuge 
tube. Rinse the sample (residue remaining in centrifuge tube) with 8 mL deionized water, 
centrifuge at 12,000 rpm for 15 minutes, remove rinse with the pipette.  Weigh tubes 
prior to adding sediment, after adding sediment sample, following the addition of each 
extractant, and after the removal of each supernatant to determine true extraction 
volumes. 
 




Add 8 mL of 1 M MgCl2 (pH 7.0) to 1-g sediment sample in an anaerobic chamber.  
Agitate continuously using an End-Over-End Shaker for 1 hour at room temperature.   
 
Fraction 2: Carbonate - sorbed or carbonate-bound (carbonates)  
Add 8 mL 1 M NaOAc (pH 5.0 adjusted with HOAc) to the residue from Fraction 1 
(portion of sample remaining in the centrifuge tube after the extraction of Fraction 1) and 
agitate continuously using an End-Over-End Shaker for 5 hours at room temperature. 
 
Fraction 3: Fe-Mn (hydr)oxides - strongly bound to easily reducible manganese 
oxides and amorphous iron oxides, and strongly sorbed to organic matter 
(reducible) 
Add 20 mL 0.04 M NH2OH·HCl in 25% (v/v) HOAc to residue from Fraction 2, heat at 
96 ± 3°C for 6 hours using water bath and agitating occasionally. 
 
*Note: Reagents reduce Fe- and Mn-oxides to their ferrous and manganous forms along 
with keeping large amounts of liberated trace metals in solution. 
 
Fraction 4: Organic Matter - very strongly bound or incorporated into organic 
matter or other oxidizable species (organic & sulfide bound) 
Add 3 mL 0.02 M HNO3 and 5 mL of 30% H2O2 (pH 2 adjusted with HNO3) to residue 
from Fraction 3. Heat to 85 ± 2°C for 2 hours, agitating occasionally with a Temperature 
control Orbit Shaker. Add second aliquot of 3 mL of 30% H2O2 (pH 2 adjusted with 
HNO3) and heat again to 85 ± 2°C for 3 hours with occasional agitation using a 
Temperature control Orbit Shaker. Cool. Add 5 mL 3.2 M NH4OAc in 20% (v/v) HNO3, 
dilute sample to 20 mL and agitate continuously for 30 minutes using an End-Over-End 
Shaker. 
 
*Note: Addition of NH4OAc prevents extracted metals from adsorbing onto oxidized 
sediment. 
 
Fraction 5: Residual – incorporated within resistant minerals 
Label and weigh a drying boat for each sample taken through the sequential extraction 
process. Spray 5-8 mL of deionized water into each tube to remove the pellet at the 
bottom of the tube (residue from Fraction 4) and place in a separate drying boat. Dry the 
residue at 105°C until a constant weight is maintained. Weigh 0.5 g of this residue into a 
separate acid digestion vessels. Add 10 mL deionized water, 5 mL HNO3, 4 mL HF, and 
1 mL HCl to the acid digestion vessels containing the 0.5 g portion of the residue from 
Fraction 4. Seal vessels and place into the turntable. Heat vessels to 170°C for 20 min 
using microwave heating with an appropriate laboratory microwave.  
 
Allow vessels to cool at least 5 min before removing from the microwave. Once the 
vessels have cooled, manually vent the open vessel and add 2 g H3BO3 crystals to the 
acid mixture.  Mix gently to dissolve the boric acid crystals.  Transfer solution into 





5.3 Total Digestion 
After organic matter combustion, weigh 0.5 g of dried original sediment sample into an 
acid digestion vessel.  Follow the procedure described above for Fraction 5: Residual.  
 
5.4 Trace Metal Analysis 
Acidify each sample to 2% HNO3 concentration by volumetric addition of trace metal 
grade concentrated (67%) nitric acid.  Measure concentrations of Cd, Cu, Ni, and Zn 
associated with each fraction using an inductively coupled plasma atomic emission 
spectrometer (Optima 3100RL, Perkin Elmer) according to EPA method 200.7 (USEPA, 
1994).  Instrumentation manual, EPA Method 200.7 (USEPA, 1994), and the SOP 
measurement of metals using an ICP-AES (page 133) should be reviewed.  
 
5.5 Standards 
See the SOP for measurement of metals using an ICP-AES (page 133).  The detection 
limits for most elements present in concentrated trace metal grade reagents are below 1 
ppb.  Because the goal of SEP was a relative percentage of metal concentration, and the 
detection limit for the ICP-AES and metal concentrations in the hydrosoil were much 
higher than 1ppb, different standards were not made for each step to save time and 
materials.  A standard was tested on the ICP-MS for each reagent (HOAc, H2O2, HNO3, 
HCl, and HF) to ensure a low metal concentration.   
 
5.6 Calculations 
Cs (mg metal/kg hydrosoil), which is mg of a specific metal (M, e.g. Ni) in a 
specific fraction (F, e.g. F1) per kg of hydrosoil from which F was obtained, was 
calculated using Equation 1: 
 
Cs = (CICP x VICP)(SEP VTot)        (1) 
    (SEP VICP) H  
where: SEP VTot is total volume (L) of the supernatant and deionized water after 
extraction step for fraction F; SEP VICP is volume (L) of the supernatant (e.g. MgCl2 and 
deionized water) subsample from SEP VTot  pipetted into a 15-mL centrifuge tube prior to 
acidification; VICP is the volume (L) of liquids (e.g. HNO3, supernatant, deionized water) 
after acidification of the subsample; CICP (mg/L) is concentration of metal M in fraction F 
measured by ICP-AES in volume VICP; and H is initial mass (kg) of hydrosoil from 
which F was obtained (approximately 0.001 kg).   
 
6.0 QUALITY CONTROL CHECKS AND ACCEPTANCE CRITERIA 
 







CEM Corporation. (1991). Microwave Sample Preparation Note: OS-14, Applications 
and Manual. CEM Corporation, Matthews, NC. 
 
Filgueiras, A. V., Lavilla, I., & Bendicho, C. (2002). Chemical sequential extraction for 
metal partitioning in environmental solid samples. Journal of Environmental 
Monitoring, 4, 823-857.  
 
Gambrell, R. P. (1994). Trace and toxic metals in wetlands—a review. Journal of 
Environmental Quality, 23, 883–891. 
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metals in soils. Environmental Pollution, 113, 135-144. 
 
Tack, F. M. G., & Verloo, M. G. (1995). Chemical speciation and fractionation in soil 
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Environmental Analytical Chemistry, 59, 225–238. 
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Office of Research and Development, Cincinnati, Ohio., pp. 58. 
 
Zimmerman, A. J., & Weindorf, D. C. (2010). Heavy metal and trace metal analysis in 
soil by sequential extraction: A review of procedures. International Journal of 






METHOD FOR MEASURING METAL CONCENTRATION IN SEDIMENT 
PORE WATER 
 




Pore water metal concentration indicates the free metal concentration that is potentially 
bioavailable.  In most cases, the free metal ion activity in the solution phase provided a 
better indication of toxic response than the total soil metal content (Tye et al., 2003). 
 
2.0 HEALTH AND SAFETY 
 





Any graduate research assistant familiar with the equipment and laboratory techniques 
and trained in this and referenced SOPs may perform this procedure. 
 




15-mL polypropylene centrifuge tubes 
 
4.2 Equipment 










See the SOP for measurement of metals using an ICP-AES (page 133) 
 
5.2 Sample Preparation 
Centrifuge sediment sample for 15 minutes at 12,000 rpm to separate pore water.  Pipette 






5.3 Metal Concentration in Pore Water 
Pipette a sample of the pore water into a separate 15-mL centrifuge tube in an anaerobic 
chamber.  Acidify each sample to a 2% HNO3 concentration by volumetric addition of 
trace metal grade concentrated (67%) nitric acid.  Measure concentrations of Cd, Cu, Ni, 
and Zn in pore water using an inductively coupled plasma atomic emission spectrometer 
(Optima 3100RL, Perkin Elmer) according to EPA method 200.7 (USEPA, 1994).  
Instrumentation manual and EPA Method 200.7 (USEPA, 1994) should be reviewed. 
 
6.0 QUALITY CONTROL CHECKS AND ACCEPTANCE CRITERIA 
 




Tye, A. M., Young, S. D., Crout, N. M. J., Zhang, H., Preston, S., Barbosa-Jefferson, V. 
L., Davidson, W., McGrath, S. P., Paton, G. I., Kilham, K., & Resende, L. (2003). 
Predicting the activity of Cd2+ and Zn2+ in soil pore water from the radio-labile 
metal fraction. 67(3), Geochimica et Cosmochimica Acta ,375-385. 
 
United States Environmental Protection Agency (USEPA). (1994). Method 200.7: 
Determination of metals and trace elements in water and wastes by inductively 
coupled plasma-atomic emission spectrometry, revision 4.4 EMMC Version. 






SCANNING ELECTRON MICROSCOPY AND ELEMENTAL DISPERSION 
SPECTROSCOPY PROCEDURE FOR IDENTIFYING METAL SULFIDES 
 




Mineralogical analyses may help to identify chemical forms of metals retained in the 
solid phase.  There are few techniques to analyze mineralogical forms due to poor 
crystallinity and/or low concentrations of precipitates and metal sulfides (Gibert et al., 
2005).  Electron microscopy equipped with X-ray energy dispersion (EM-EDS) has been 
proven successful for identifying sulfides in reactive mixtures from constructed wetlands 
(Machemer et al., 1993).   
 
2.0 HEALTH AND SAFETY 
 





Any graduate research assistant familiar with the equipment and laboratory techniques 
and trained in this and referenced SOPs may perform this procedure. 
 
4.0 REQUIRED AND RECOMMENDED MATERIALS 
 
4.1 Supplies 
70-mm diameter stainless steel stubs 
Carbon Tape 
Small glass vials with caps 
  
4.2 Equipment 
Anaerobic chamber (98% N2(g)/2% H2(g) atmosphere) 
Hitachi Analytical Table Top Microscope TM-3000 












Subsample approximately 0.5 g of hydrosoil in an anaerobic chamber and place in a 1 mL 
glass vial.  Pipette one drop of hexamethyldisilazane to the sample to preserve plant and 
microbe tissues.  Allow the sample to sit for 24hr and store at 4
o
C.  When ready to 
analyze, dry sample at 105
o
C and adhere to carbon tape on a 70-mm diameter stub 
(specimen mount).   
 
5.2 Scanning EM-EDS 
Identify possible metal sulfides using a Hitachi TM-3000 scanning EM with an 
accelerating voltage of 15kV and a high current mode for EDS.  Determine elemental 
composition of particles using a Swift Energy Dispersive-Table Top Microscope 
(SwiftED-TM) EDS system (Oxford Instruments).  Identify abundant elements (C, O, Fe, 
S, Zn, Cd, Ni, Al, Si, P, K, Ca, Br, Cl, Na, As, Mg) were using point or area 
identification.  Map Cd, Cu, Ni, Zn, S, C, O, Si, and Ca manually.  Assume metal sulfide 
formation if metals and sulfur co-occur in the same particle.   
 
6.0 QUALITY CONTROL CHECKS AND ACCEPTANCE CRITERIA 
 




Gibert, O., de Pablo, J., Cortina, J. L., & Ayora, C. (2005). Municipal compost-based 
mixture for acid mine drainage bioremediation: metal retention mechanisms. 
Applied Geochemistry, 20, 1648-1657. 
 
Machemer, S. D., Reynolds, J. S., Laudon, L. S., & Wildeman, T. R. (1993). Balance of S 
in a constructed wetland built to treat acid mine drainage, Idaho Springs, 






MEASUREMENT OF METALS USING AN INDUCTIVELY COUPLED 
PLASMA- ATOMIC EMISSION SPECTROMETER (ICP-AES)  
 
Kristen Jurinko, Jennifer Horner  
 
1.0 OBJECTIVE  
 
This method outlines the specific experimental details for analysis of select elements 
using the ICP-AES as it pertains to simulated oilfield produced water. This protocol is 
intended for measuring the concentrations of cadmium, copper, nickel, and zinc in 
aqueous samples from methods for SEM, microwave digestion, soluble fraction, 
sequential extraction, and pore water.  The standard methods (USEPA, 1994) for metals 
and trace elements in water analyses should be reviewed before starting experiments.  
 
2.0 HEALTH AND SAFETY  
 
Proper lab attire, including lab coat, gloves, and safety glasses must be worn at all times.  
 
3.0 PERSONNEL/TRAINING/RESPONSIBILITIES  
 
Any graduate research assistant familiar with the equipment and laboratory techniques 
and trained in this and referenced SOPs may perform this procedure.  
 
4.0 REQUIRED AND RECOMMENDED MATERIALS  
 
4.1 Supplies  
50-mL polypropylene centrifuge tubes 
500 mL acidified deionized water for rinse  





4.3 Standards  
Standards should be made in a matrix to resemble that of the samples  
Acidified in same manner as samples (2% HNO3 concentration by volumetric addition of 
trace metal grade concentrated (67%) nitric acid) 
Standards should be made the day of sample analysis  
 
4.4 Reagents 







5.0 PROCEDURE  
This procedure only includes the basic methods for standard preparation, sample 
collection, ICP-AES use and cleanup, and quality assurance controls. Instrumentation 
manual and EPA Method 200.7 (USEPA, 1994) should be reviewed.  
 
5.1 Sample Collection and Preparation  
Collect samples in clean 50-mL centrifuge tubes, do not allow the tube to overfill when 
filling. Adjust sample to 2% HNO3 concentration by volumetric addition of trace metal 
grade concentrated (67%) nitric acid. 
 
5.2 Standards 
Prepare a calibration blank using deionized water and acidifying to a 2% HNO3 
concentration by volumetric addition of trace metal grade concentrated (67%) nitric acid.  
Make 9 calibration standards using a stock standard solution, DI water, and acidifying to 
a 2% HNO3 concentration by volumetric addition of trace metal grade concentrated 
(67%) nitric acid to the following concentrations:     
 
Standard 
Analyte Standard Concentration (ppm) 
Ni Zn Cu Cd 
1 0.01 0.01 0.005 0.001 
2 0.05 0.05 0.025 0.005 
3 0.1 0.1 0.050 0.01 
4 0.5 0.5 0.25 0.05 
5 2.5 2.5 1.25 0.25 
6 5.0 5.0 2.5 0.50 
7 25 25 12.5 2.5 
8 50 50 25 5 
9 250 250 125 25 
 
5.3 ICP-AES Methods  
The instrument manual for ICP-AES contains procedures for calibration and analysis of 
samples and the ICP SOP, written by Anne Cummings (unpublished, 2009) contains step 
by step instructions of ICP-AES use including a background equivalent concentration test 









)  Interferent 
Cd 226.502 3.4 Ni, Ti, Fe, Ce 
Cu 324.754 5.4 No, Ti 
Ni  231.604  15  Co, Tl  
Zn  213.856  1.8  Ni, Cu, Fe  
1 
Recommended for sensitivity and overall acceptability  
2 





5.4 Cleaning  
After ICP-AES use the system lines should be flushed with deionized water for 5-10 
minutes. Prior to and at the conclusion of each use of the ICP-AES all lines and tubing 
should be checked for blocks and wear. Empty the waste container if necessary. The 
remainder of unused standards can be disposed of in appropriate waste containers and 
aqueous sample should be stored in centrifuge tubes in the refrigerator, in case further 
analysis is required.  
 
5.5 Quality Assurance  
Quality assurance and quality control measures for ICP-AES metal analyses should 
include standard recovery and standard addition every ten samples. Sample analyses can 
be considered acceptable if standard recoveries are within ±10% of the calibration 
concentration for individual metals. A middle standard should be used for standard 
additions and the percent recovery should be within 70-130%. A new calibration curve 
should be accepted every 20 samples and duplicate samples can be analyzed for 
additional assurance. These quality assurance and control measures should be considered 
as the minimum requirements of USEPA methods, additional quality measures should be 
performed for unknown or excessively cloudy (non-homogeneous) samples.  
 
7.0 QUALITY CONTROL CHECKS AND ACCEPTANCE CRITERIA  
 
All procedures are subject to review by the Quality Assurance Unit. 
 
8.0 REFERENCES  
 
Cummings, A. (2009). Standard operating procedure-daily operation: Use of the Perkin 
Elmer Optima 3100RL inductively coupled optical emission spectrometer (ICP-
OES or ICP-AES). Unpublished. 
 
United States Environmental Protection Agency (USEPA). (1994). Method 200.7: 
Determination of metals and trace elements in water and wastes by inductively 
coupled plasma-atomic emission spectrometry, revision 4.4 EMMC Version. 






Figures and Tables 
 
The scanning electron microscopy and elemental dispersion spectroscopy (scanning EM-
EDS) used to analyze metal sulfides in detritus samples and sediment cores extracted 
from the pilot-scale constructed wetland treatment system treating metals in impaired 
water are listed below and found on the pages indicated.  The mass balance of metal 
concentrations (Cs, Equation 1) in samples analyzed by sequential extraction and metal 
concentrations in samples analyzed by microwave digestion are listed below and found 
on the pages indicated. 
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Scanning EM images for detritus sample from 0 to 10 cm in cell 3..……..……….…..141 
Table C-1. Mass balance of metal concentrations (Cs, Equation 1) in samples analyzed 
by sequential extraction and metal concentrations in samples analyzed by microwave 
digestion, cell 1..……..……….………………………………………………………...142 
Table C-2. Mass balance of metal concentrations (Cs, Equation 1) in samples analyzed 
by sequential extraction and metal concentrations in samples analyzed by microwave 










Figure C-1.  Scanning EM images for sediment sample from 29 to 32 cm in cell 2. A) 
Particles on S. californicus root. B) EDS map showing Zn distribution for area 
represented in figure A. C) EDS map showing Cd distribution for area represented in 
Figure A. D) EDS map showing S distribution for area represented in Figure A. 







containing these metals. E) Elemental analysis of area within box in Figure A. Zn, Cd, 




   
 
 
       
Figure C-2. Scanning EM images for detritus sample from 0 to 10 cm in cell 3. A) 
Particles on T. angustifolia root. B) EDS map showing Zn distribution for area 
represented in figure A. C) EDS map showing Cd distribution for area represented in 
Figure A. D) EDS map showing S distribution for area represented in Figure A. 
Concentrations of Zn and Cd coincide with S, indicating the occurrence of sulfides 
containing these metals. E) Elemental analysis of area within box in Figure A. Zn, Cd, 







Table C-1. Mass balance of metal concentrations (Cs, Equation 1) in samples analyzed by sequential extraction and 








Recovery F1 F2 F3 F4 F5 
Cd         
 0-8 18.2   208   119   113   290   748 15700       4.77 
 8-16 10.5   265   222   360   114   972 21500       4.53 
 16-19   9.39 1350 1320 2960       6.30 5646   6430     87.8 
 19-22   0.551     63.4     73.5     72.6       1.23   211.3     305     69.2 
 22-25   1.54       1.57       9.36       4.38       1.53     18.38         5.23 >100 
 25-28   0.241       0.442       0.944       2.16       1.32       5.11      <0.300 >100 
 28-31   0.205       8.81     10.6       3.53       1.33     24.48      20.1 >100 
Cu         
 0-8   4.58     18.2     31.9 1024   604 1683 28700       5.86 
 8-16   3.71     28.8     10.6 1061 1279 2383 26400       9.02 
 16-19   3.67     16.2       7.91 4070   137 4235   5500     76.9 
 19-22   2.15       2.40       9.59   134       8.68   157     152 >100 
 22-25   1.88       0.269       1.44 8.22       7.73     19.54      15.5 >100 
 25-28   1.57       0.33       1.32 6.48       4.41     14.11      11.6 >100 
 28-31   1.42       0.771     12.6     19.5       4.05     38.3      28.1 >100 
Ni         
 0-8 60.6     92.3   128     31.1   756 1068 13000       8.25 
 8-16 58.6     95.9   182   104   381   822 17700       4.64 
 16-19 20.1   242   467 1270     74.2 2073   4430     46.8 
 19-22   2.65     23.7     61.0     28.0       5.23   120.6     176     68.6 
 22-25   1.96       0.772       2.20       1.99       5.23     12.15       <0.300 >100 
 25-28   1.13       0.622       1.07       1.71       5.07       9.60       <0.300 >100 
 28-31   1.23       4.40       9.08       3.06       4.66     22.43      12.3 >100 
Zn         
 0-8 38.9   177   215 22.3     <0.010   453 16000       2.83 
 8-16 26.8   163   281 48.2     <0.010   519 19500       2.66 
 16-19   7.61 1010 1980   433   171 3602   7190     50.1 
 19-22   0.788     90.1   218     11.3       1.17   321     501     64.2 
 22-25 19.5     17.3     84.0       3.35       1.83   126.0      73.5 >100 
 25-28   4.52     13.7     27.3       2.94       0.260     48.7      56.3     86.6 
  28-31   0.335     27.3     49.3       3.42     <0.010     80.4     109     73.8 
CTot = total mass concentration of a specific metal in the hydrosoil (Equation 2) 
Conc = metal concentration determined by microwave digestion and ICP-AES 
Percent recovery = (CTot/Conc) x 100 
The following are possible explanations for low percent recoveries: (i) The inherent inhomogeneity of the 
hydrosoil, specifically the detritus. Inhomogeneity could lead to a different metal concentration depending on the 
sample. (ii) Hydrosoil loss when decanting, especially due to the low bulk density of the detritus, which can lead to 
resuspension of fine particles. Percent loss of metal concentration in cells 1 and 3 was greater in the detritus than in 
the sediment. Dollar et al. (2001) experienced sediment loss with low bulk density peats even after repeated 
centrifuging. (iii) After organic-sulfide extraction, < 0.5 g of hydrosoil was used to analyze the residual fraction, 




Table C-2. Mass balance of metal concentrations (Cs, Equation 1) in samples analyzed by sequential 








Recovery F1 F2 F3 F4 F5 
Cd         
 0-10    2.49  84.2 171   188 290   736   7780       6.3 
 10-20    0.399  63.7 831 1460 114 2469 20800     11.5 
 20-23    1.27  20.1 32.5       3.98     6.30     64.2         0.312 >100 
 23-26    2.99    0.699 0.932       2.30     1.23       8.15       57.7     14.1 
 26-29    0.042    0.149 0.364       2.04     1.53       4.13       <0.300 >100 
 29-32    0.235    0.189 0.463       2.33     1.32       4.54       <0.300 >100 
 32-35    1.74    0.198 0.429       2.51     1.33       6.21       <0.300 >100 
Cu         
 0-10    1.67    5.98 9.56   279   47.6       1.67   2890     15.3 
 10-20    0.991    1.67 2.66   171   40.7       0.991   1900     14.1 
 20-23    0.989    1.00 12.9     15.5     2.04       0.989       <0.300 >100 
 23-26    0.823    0.649 2.38       4.75     1.22       0.823       10.9 >100 
 26-29    0.687    0.375 1.53       4.70     1.01       0.687       <0.300 >100 
 29-32    0.672    0.177 2.17       4.55     3.17       0.672       <0.300 >100 
 32-35    0.925    0.378 1.85       3.99     1.48       0.925       <0.300 >100 
Ni         
 0-10    2.58  26.6 70.5     41.5 145   286   7830       3.7 
 10-20    3.78  90.1 278   394   90.4   856 15600       5.8 
 20-23    4.56    8.96 31.3     11.3     4.56     60.7         4.61 >100 
 23-26    3.03    1.23 3.06       2.02     3.23     12.57       43.2     34.3 
 26-29    0.891    0.367 1.11       1.86     3.30       7.53         2.37 >100 
 29-32    1.23    0.610 1.04       1.77     4.95       9.60       <0.300 >100 
 32-35    2.51    0.387 0.975       1.69     7.13     12.69         1.14 >100 
Zn         
 0-10    2.57   92.0 285     33.4   <0.010   413 13600       3.0 
 10-20    0.410 176 1300   226   63.8 1766 31500       5.6 
 20-23  10.7   27.8 52.8       3.04     1.85     96.2     120     80.0 
 23-26    3.71     1.95 8.75       2.72     0.520     17.65       92.3     19.1 
 26-29  <0.010     0.482 4.42       2.67   <0.010       7.57       27.0     28.0 
 29-32    0.483     1.47 5.07       2.89     4.49     14.40       22.5     64.1 
  32-35    5.49     1.06 5.18       2.65     5.75     20.13       19.8 >100 
CTot = total mass concentration of a specific metal in the hydrosoil (Equation 2) 
Conc = metal concentration determined by microwave digestion 
Percent recovery = (CTot/Conc) x 100 
The following are possible explanations for low percent recoveries: (i) The inherent inhomogeneity of the 
hydrosoil, specifically the detritus. Inhomogeneity could lead to a different metal concentration depending on the 
sample. (ii) Hydrosoil loss when decanting, especially due to the low bulk density of the detritus, which can lead to 
resuspension of fine particles. Percent loss of metal concentration in cells 1 and 3 was greater in the detritus than in 
the sediment. Dollar et al. (2001) experienced sediment loss with low bulk density peats even after repeated 
centrifuging. (iii) After organic-sulfide extraction, < 0.5 g of hydrosoil was used to analyze the residual fraction, 
which is less than the mass used in the procedures of CEM (1991; Microwave sample preparation note: OS-14). 
 
